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General introduction 
Protein folding, activation and degradation in the cell require the action of a diverse 
group of factors known as molecular chaperones, stress proteins or heat-shock 
proteins. Motecular chaperones are found in every organism and are crucial for 
most fundamental cellular processes. As part of a multichaperone system, they can 
be divided into five families based on their size and functions: HsplOO/Clp, Hsp90, 
Hsp70/DnaK, Hsp60/chaperonins and the small heat-shock proteins. This thesis 
focuses on the functional properties of one particular member of the family of small 
heat-shock proteins, the 20-kDa protein aB-crystaIlin/HspB5. 

The family of small heat shock 
proteins 
The small heat shock proteins (sHsps) 
are protein chaperones which typically vary 
in size from 15-30 kDa (8). The sHsp family 
is characterized by a significant sequence 
similarity within the so-called a-crystallin 
domain, an 80-100 amino acid stretch 
(54). To date 10 mammalian sHsps have 
been identified in recent genome surveys 
of mouse, rat, and human (127). Besides 
the C-terminal conserved a-crystallin 
domain the sHsps have a non-conserved 
N-terminal domain, which varies in length 
between individual family members, and a 
short flexible C-tcrminal tail. It is now well 
established that the a-crystallin domain 
itself exists in an immunoglobulin-like fold, 
as became clear from crystal structures of 
Methanococcus jannaschii MjHspl6.5 
(136), Triticum aestivum TaHspl6.9 (240) 
and the recently elucidated Taenia saginata 
Tsp36 (221). A defining characteristic of 
practically all sHsps is the ability to form 
homo- or hetero-oligomeric structures. These 
oligomcric structures can consist of only 
2 subunits or up to 40 subunits, depending 
on the nature of the protein (reviewed in 
(11,239)). Another common feature of sHsps 
in a large variety of organisms is that their 
abundance is increased upon heat-shock 
(hence the name heat-shock proteins) or 
other kinds of stress (138,177). However, 
some recently identified members (such as 
Hsp20, HspB2 and HspB3) do not share this 
feature (224). 
The functions of the sHsps are still 
poorly understood. Many sHsps are, however, 
quite efficient in binding denaturating 
proteins, which supports models that sHsps 
function as molecular chaperones (67). The 
chaperone-like properties of most sHsps are 
defined biochemically by their ability to 
prevent protein aggregation and/or help to 
restore biological activity of client substrates 
in vitro. Such functions are widely believed to 
mitigate protein misfolding and denaturation 
triggered by environmental stimuli such as 
hyperthermic stress, decreased pH, osmotic 
stress, heavy metals, hypoxia and ischemic 
injury in vivo. 
aB-crystallin/HspB5 
One of the most studied sHsps is 
aB-crystallin. Initially, aB-crystallin was 
best known for its refractive and structural 
properties in the vertebrate eye lens. In 
humans, the gene for aB-crystallin is found 
on chromosome 11, encoding 175 amino 
acids and resulting in a 20-kDa protein. In the 
eye lens, aB-crystallin is one of the subunits 
of a-crystallin, in which it is complexed 
with the lens restricted αΑ-crystallin in an 
approximately 1:3 ratio (225). Typically, 
about 35% of the total protein in the 
mammalian lens consists of a-crystallin. It 
is thought that a-crystallin acts as a one-way 
irreversible sink that traps unfolded proteins, 
and therefore controls denaturating processes 
during aging (94). Several substrate proteins 
have been suggested, like other crystallins 
(β, yD and yS) and enzymes like glycerol-
3-phosphate dehydrogenase and enolase, 
but its primary targets seem to be the lens 
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intermediate filaments and the lens plasma 
membrane (47,93,105,168,169,191). 
Additionally, lenses of aA-crystallin knock­
out mice contain dense inclusion bodies, 
which were shown to be made up primarily 
of aB-crystallin. This suggests that aA-
crystallin is necessary to maintain solubility 
of aB-crystallin in the lens (27). 
Later on it became apparent that aB-
crystallin is expressed in many other tissues, 
with highest expression found in heart and 
skeletal muscle (20,63,116,117), making 
up 1-3% of the total soluble protein in the 
heart (154). Its expression can be induced 
in a variety of other cell types by applying 
environmental stimuli as mentioned above. 
Interestingly, aB-crystallin expression is 
also induced during cellular differentiation 
processes. The best known example is its 
expression to high levels during myogenic 
differentiation (126,224), but recently it 
was also shown to be upregulated during 
adipogenic differentiation (55). This 
suggests that aB-crystallin would have 
a developmentally related function, but 
knock-out studies of its gene showed that 
aB-crystallin is not essential for normal 
development. The life span of these animals 
is, however, drastically reduced, being only 
half of wild type animals. Later in life the 
myofibrillar integrity of these animals is 
greatly reduced, indicating that aB-crystallin 
is required to maintain muscle integrity. We 
must however be cautious in interpreting 
these results, since along with the gene for 
aB-crystallin, the gene for another sHsp 
(HspB2) has also been knocked-out in these 
mice (28). 
Chapter 1 
In cells outside the lens, aB-crystallin 
assembles into large ~600-kDa homo- and 
hetero-oligomeric complexes, together with 
Hsp27 and/or Hsp20 (128,133,224,254). It 
is thought that the dynamics of these large 
oligomeric complexes are essential for their 
Figure 1 Schematic structure of aB-crystallin and its 
most common post-translational modifications in 
mammalian cells. 
aB-crystallin is built up of three separate domains, like most 
other sHsps (1) The N-termmal domain varies greatly in 
sequence and length between the different sHsps Here 
the most prominent post-translational modifications occur 
in mammalian cells, notably phosphorylation at serines 19, 
45 and 59, and N-termmal acetylation, as depicted (2) 
The α-crystallin domain, which has an immunoglobulm-like 
fold, is conserved throughout the family of sHsps (3) The 
flexible C-termmal domain In this region Thr170 can be O-
GlcNAcylaled, and C-lermmal truncation occurs at positions 
163 and 170 by calpam proteolysis 
chaperone-like properties. The dynamics 
and thus the chaperone-like properties are 
greatly influenced by inherited mutations 
and post-translational protein modifications. 
Post-translational modifications of <xB-
crystallm 
The major post-translational 
modification (PTM) of aB-crystallin in 
mammalian cells is phosphorylation. Kalo et 
al. (130) have demonstrated, using specific 
antibodies, that the serine residues at positions 
19, 45 and 59 can be phosphorylated. Ser-
19 and ser-45 arc mainly phosphorylated 
during mitosis, while ser-59, and to some 
extent ser-45, become phosphorylated under 
various stress conditions. Both in vitro and 
in vivo the assembly of aB-crystallin into 
large complexes is negatively regulated by 
(stress-induced) phosphorylation of serine 
residues 19, 45 and 59, and the dissociated 
complexes have diminished in vitro 
chaperone-like activity (6,112). Functionally, 
phosphorylation seems to regulate its 
cytoprotective properties (62,78,126,165), 
and leads to altered cellular localizations 
(57,58,157). Modifications, in cells and 
tissues other than the eye lens, that also have 
been reported are C-terminal truncations, N-
terminal acetylation and O-GlcNAcylation 
(Fig. 1) (201,237). Besides that C-terminal 
truncation leads to a diminished chaperone-
like activity, no information is at hand about 
the function of these modifications (228). In 
the eye lens a whole repertoire of PTMs has 
been described, including phosphorylation 
(also at other sites than discussed above), 
oxidation, acetylation, truncation, 
racemization, deamidation, glycation and 
methylation (76,91,153,156,164,217,218). 
All these modifications are thought to alter 
the solubility and chaperone-like activity of 
aB-crystallin, and in some cases will lead to 
cataract. 
Subcellular distribution of aB-crystallin 
Sorting out the cellular locations 
of proteins may provide clues to their 
function. This is of course also true for 
aB-crystallin. aB-crystallin is mainly a 
soluble protein, distributed throughout the 
cytoplasm. However, a small portion is 
found at other locations. It has been shown 
that aB-crystallin localizes with cytoskeletal 
structures under physiological conditions, 
this association being more pronounced under 
stress conditions (60,61,168,175,191,244). In 
migrating lens fibroblasts, aB-crystallin can 
be found at the leading edge of these cells, 
possibly associating with regulatory proteins 
involved in actin dynamics and cell adhesion 
(157). In cardiac fibers, aB-crystallin has 
been shown to translocate to the Z-di se area 
of myofibrils under conditions of ischemia 
(87). However, immunoelectron microscopy 
of rat heart has shown that aB-crystallin is 
rather localized at a narrow region of the I-
band, where it is bound to the I-band protein 
titin (33,85). Recently, it has also been 
shown that aB-crystallin is associated with 
the Golgi-complex (80), while it also seems 
to accumulate in the nucleus of interphase 
cells, under physiological as well as during 
stress situations (1,56,57,238,243). During 
mitosis, aB-crystallin phosphorylated at 
ser-59 is found to colocalize with γ-tubulin 
at the centrosome (107), while when 
phosphorylated at ser-45 it is found in 
mitotic interchromatin granules (57). 
aB-crystallin and its functions 
aB-crystallin as a molecular chaperone 
High expression in tissues with high 
oxidative capacity, and induced expression 
upon stress is in agreement with the general 
opinion that aB-crystallin and other sHsps 
are molecular chaperones protecting proteins 
from unfolding in response to insults. Jakob 
et al. (1993) investigated the molecular 
chaperone function of aB-crystallin and 
other sHsps by determining their influence 
on the unfolding and refolding of citrate 
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Figure 2 In vivo functions of uB-crystallin under stressful conditions 
a. Upon unfolding of a native protein to an unfolded intermediate, binding of aB-crystallin (or other sHsps) can prevent further 
unfolding and aggregate formation. With the help of Hsp70 the unfolded Intermediates can be folded back to their native 
state. Alternatively, aB-crystallin may target these unfolded intermediates to the 26S proteasome for rapid degradation. Due 
to mutations or aberrant environmental stimuli targeting to the proteasome could fall, thereby stimulating aggregate formation, 
which In turn Inhibits proteasomal functioning, b. One mechanism by which aB-crystallin Inhibits apoptosis is preventing the 
translocation of Bax/Bcl-X(S) to the mitochondria. This sustains mitochondrial Integrity, restricting cytochrome c release, 
which prevents Apaf-1 activation and subsequent caspase activation, c. Finally, aB-crystallin can prevent both receptor-
mediated apoptosis and the mitochondrial pathway by Inhibiting activation of caspase-3 aB-crystallin binds to the 24-kDa 
caspase-3 Intermediate, preventing the full maturation of caspase-3. 
synthase and a-glucosidase in vitro. This 
study showed that sHsps were potent 
molecular chaperones, independent of 
ATP, preventing the aggregation of citrate 
synthase and a-glucosidase under heat-
shock conditions (119). In vivo evidence 
that aB-crystallin is a molecular chaperone 
comes from studies where overexpression 
in cells leads to an increased resistance to 
many damaging insults (e.g., hypertonicity 
(135), oxidative stress or TNF-a (161)). 
Furthermore, transgenic mice with 
myocardial overexpression of aB-crystallin, 
display an improved postischemic ventricular 
contractile function and reduced infarct size 
in response to ischemic reperfusion injury 
(194). Recently, it has also been suggested 
that regulated protein degradation is 
involved, which implicate sHsps in directing 
substrate proteins to the 26S proteasome 
(58,110,179,244). This proposes a way by 
which misfolded proteins can be cleared 
from cells (Fig. 2a). 
aB-crystallin and apoptosis 
Although it had been demonstrated 
Chapter 1 6 
that αΒ-crystallin inhibits apoptosis 
induced by various stimuli, including 
DNA-damaging agents and oxidative stress 
(2,125,141), no clear molecular mechanisms 
of ccB-crystallin's anti-apoptotic activities 
had been described until recently. Kamradt 
et al. (2001) were the first to demonstrate 
a molecular mechanism underlying the 
anti-apoptotic function of aB-crystallin. 
They showed that αΒ-crystallin inhibits 
both the mitochondrial and death receptor 
pathways by inhibiting the maturation of 
caspase-3, likely by binding to the p24 
partially processed intermediate (Fig. 
2c) (125). Follow-up studies suggest that 
phosphorylation of αΒ-crystallin regulates 
its anti-apoptotic properties (126,165). 
Apparently, αΒ-crystallin also confers its 
anti-apoptotic activity by at least one other 
mechanism. Mao et al. (2004) showed that 
αΒ-crystallin prevents the translocation 
of Bax and Bcl-X(S) from the cytosol 
into mitochondria during staurosporine-
induced apoptosis. As a result the integrity 
of mitochondria is preserved, thereby 
restricting the release of cytochrome c, and 
thus repressing apoptosis (Fig. 2b) (158). 
aB-crystallin and the cytoskeleton 
Eukaryotic cells adopt their shape 
through the existence of the cytoskeleton. The 
cytoskeleton is also responsible for a wide 
variety of other functions, like cell motility, 
muscle contraction, moving organelles, and 
transport functions. Three major types of 
protein filaments have been identified, the 
microfilaments (MFs), microtubules (MTs) 
and intermediate filaments (IFs). All three 
types of filaments are profoundly affected 
by physiological stress. There is compelling 
evidence that each of these cytoskeletal 
systems is a target for αΒ-crystallin function 
in situ. The influence of αΒ-crystallin on all 
these filaments is described below. 
Microfilaments consist of actin monomers 
which form long bundles of about 8 nm 
thick. They have a function in e.g. muscle 
contraction, cell division, maintenance of 
cell shape and cell movement. aB-Crystallin 
interacts with actin in the eyelens (89,90). 
Furthermore, Vcrschuure et al. (2002) have 
shown that upon proteasomal inhibition, 
αΒ-crystallin translocates to the actin stress 
fibers in muscle cells. This suggests that 
αΒ-crystallin protects the actin cytoskeleton 
during proteasome stress. However, the 
authors also propose as an alternative 
hypothesis that the actin cytoskeleton serves 
as a depot for proteins that normally would 
be degraded (244). In either case, this finding 
shows that actin filaments are targets for aB-
crystallin binding. Moreover, aB-crystallin 
was found to prevent the tendency of actin 
filaments to form aggregates at acidic pH in 
vitro (19). 
The second group of protein filaments are 
the microtubules. They form hollow tubes 
with a diameter of about 25 nm and are 
made up of α-tubulin and ß-tubulin subunits. 
In most cells microtubules radiate from the 
microtubule-organizing center (MTOC). 
They are involved in chromosome separation, 
transport of organelles and reinforcing 
cell shape. It has been demonstrated that 
αΒ-crystallin has affinity for tubulin by 
co-immunoprecipitation experiments using 
7 Generai introduction 
L6 myoblast cell extracts (7) A more recent 
study suggests that the interaction with 
microtubules is via microtubule-associated 
proteins (MAPs), and this confers the 
microtubules resistance to disassembly 
(77) In vitro, αΒ-crystallin prevented the 
aggregation of purified tubulin molecules 
at 370C (7), while overexpression of aB-
crystallin in cardiomyocytes protected these 
cells from ischemic injury, which correlates 
with enhanced microtubular integrity 
(21,59,159) 
The information about the effects 
of aB-crystallin on microfilaments and 
microtubules is quite recent and rather 
limited In contrast, the information about 
the influence of aB-crystallin on the 
third group of filaments, the intermediate 
filaments, is already longer known and more 
extensive One of the reasons is the natural 
occurrence of mutants of aB-crystallin that 
cause severe myopathies, in which unusual 
accumulations of intermediate filaments 
are found (discussed in more detail below) 
(208,245) 
The family of IF proteins is encoded 
by over 65 different genes, and can be 
divided into five different categories, four of 
these are localized in the cytoplasm (types 
I-IV - cytoskeletal IFs) and one resides in 
the nucleus (type V, the nuclear lamins -
nucleoskeletal IFs) The expression patterns 
of IFs are cell- and tissue-type specific, 
providing each major cell type with a 
relatively specific 'fingerpnnt'of IF proteins 
IF proteins are composed of three domains, 
an ammo-terminal head domain, followed by 
a central rod domain and a carboxy-terminal 
tail domain They can self-assemble in vitro 
into 10-nm filaments in the absence of ATP 
and GTP (222) In vitro preparations of fully 
polymerized IFs possess unique viscoelastic 
properties that render them more resistant to 
deformation and breakage due to mechanical 
strain (120-122) 
Based on these biochemical and 
physical properties, the conventional view 
of IFs has been one of a static cytoskeletal 
system that provides the cell with a 
mechanism for resisting mechanical stress 
and deformation (e g (50)) This is also 
evident from targeted gene knock-out 
studies, which reveal that tissues without 
IFs are mechanically unstable and unable 
to resist physical stress, which leads to 
cell degeneration (79,147,180) However, 
recent studies in living cells have revealed 
that IFs and their precursors are remarkably 
dynamic and exhibit a complex array of 
motile activities related to their subcellular 
assembly and organization (reviewed in 
(99)) Besides the major functions of IFs, 
such as conveying mechanical support 
and maintaining cytoarchitecture, IFs are 
also involved in modulating the activity 
of signaling molecules (100,181), and 
regulating cell migration and movement 
(65,66,101) 
In 1994, a first report was published 
that implicated an important function 
of aB-crystallin in IF organization and 
maintenance The authors showed that 
addition of a-crystallins to purified IF 
proteins inhibits both filament assembly 
and IF gel formation (175) Although this 
study (and most other studies investigating 
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the function of aB-crystallin towards IFs) 
was mainly performed in vitro, other reports 
have now clearly established an in situ 
role for aB-crystallin in IF organization 
(60,61,98,168,184). In fact, aB-crystallin 
can actually bind most type-Ill IFs in vitro 
and/or in vivo (50). Although only a small 
portion of aB-crystallin associates with IFs 
under physiological conditions (60), this 
interaction is significantly enhanced upon 
stress (60,61,168). Unfortunately, the real 
function and underlying mechanisms of the 
association of aB-crystallin with these IFs is 
still unclear. The most plausible explanation 
is of course "chaperoning" the IFs, especially 
during times of stress. 
aB-crystallin in disease 
At the end of the 1980s and the 
beginning of the 1990s important findings 
have been done implicating aB-crystallin 
in a variety of diseases, especially in 
neurological disorders such as multiple 
sclerosis, Alzheimer's disease, Parkinson's 
disease, Creutzfeldt-Jacob disease, 
Alexander's disease and several others 
(25,96,129,134,152,196-198,206,212,24 
1,242,253). These diseases are associated 
with increased levels of aB-crystallin, often 
found in insoluble aggregates. Levels of aB-
crystallin are also dysregulated in several 
forms of cancer, such as breast cancer, 
renal and brain tumors (5,39,44,211,227). 
It appears that an increased level of aB-
crystallin gives a poor prognosis for breast 
cancer metastasis and for head- and neck 
cancer (41). 
The finding with the greatest impact in the 
recent years has been the identification 
of the missense mutation R120G in aB-
crystallin. This mutation was found to be 
causative for a desmin-related myopathy 
(DRM), an autosomal dominant disorder, 
characterized by cytoplasmic aggregates 
of desmin in muscle cells (245). Several 
reports concerning the nature of R120G 
aB-crystallin in vitro and in transgenic 
animals have now been published. The 
R120G mutation has been shown to alter 
the structure and chaperone-like activity 
of recombinant aB-crystallin (24,183). 
Transgenic mice expressing R120G aB-
crystallin in their hearts were reported to 
exhibit symptoms similar to DRM (246), 
while other studies have shown that 
overexpression in mammalian cells leads 
to aggregate formation (38,57,113,184). In 
two patients with progressive myopathies, 
characterized by myofibrillar degeneration 
that commences at the Z-disk, a second and 
a third mutation in aB-crystallin (464delCT 
and Q151X) have been identified. Both 
mutations truncate the essential C-
terminal domain of aB-crystallin, which 
is supposedly required for the chaperone 
function of aB-crystallin (208). Although 
these are rare diseases, they strongly support 
the notion that aB-crystallin is vitally 
involved in cytoskeletal maintenance. 
Outline of this thesis 
The in vivo functions of aB-crystallin 
are poorly understood, although it plays 
a prominent role in many neuromuscular 
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disorders. To gain more insight in the in 
vivo functions of aB-crystallin, we first 
performed a yeast two-hybrid screen to 
identify proteins interacting with aB-
crystallin (chapter 2). We found that aB-
crystallin interacts with the F-box containing 
protein FBX4, a protein which is required 
for rapid degradation of specific substrate 
proteins, which implicates the involvement 
of aB-crystallin in the ubiquitin-proteasome 
pathway. During that study we realized that 
phosphorylation of aB-crystallin plays an 
important role in its solubility, subcellular 
localization and interaction with other 
proteins. We were especially intrigued by 
the effects of (pseudo)phosphorylation of 
aB-crystallin on its subcellular distribution, 
and determined that phosphorylation at 
Ser-45 causes it to accumulate in nuclear 
domains (chapter 3). Further investigations 
revealed that the nuclear localization of aB-
crystallin is a complex multistep process 
in which sequential phosphorylation and 
interaction with a specialized nuclear import 
complex is necessary to direct it to its place 
(chapter 4). The second part of this thesis 
describes the use of functional proteomics 
to further elucidate aB-crystallin's function 
and identify its chaperone substrate proteins 
(chapters 5 and 6). To our surprise we 
found that aB-crystallin is involved in Ca2 
homeostasis, and thereby regulates calpain 
activity (chapter 5). We also identified 
several methylated residues as novel post-
translational modifications of aB-crystallin 
(chapter 6), which could have implications 
for substrate binding/chaperone function and 
oligomcric complex dynamics. Finally, the 
general discussion (chapter 7) summarizes 
the data, and suggests novel roles for the 
small heat-shock protein aB-crystallin in 
fundamental biological processes. 
Chapter 1 10 
The small heat-shock protein aB-crystallin promotes FBX4-
dependent ubiquitination 
aB-Crystallin is a small heat-shock protein in which three serine residues, at positions 
19, 45 and 59, can be phosphorylated under various conditions. We here describe 
the interaction of αΒ-crystallin with FBX4, an F-box containing protein which is a 
component of the E3 ubiquitin-ligase SCF (Skpl/Cullin/F-box). The interaction with 
FBX4 is enhanced by mimicking phosphorylation of αΒ-crystallin at both ser-19 
and ser-45 (S19D/S45D), but not at other combinations. Ser-19 and ser-45 are 
preferentially phosphorylated during the mitotic phase of the cell cycle. Also αΒ-
crystallin R120G, a mutant found to co-segregate with a desmin related myopathy 
(DRM), displays increased interaction with FBX4. Both αΒ-crystallin S19D/S45D 
and R120G specifically translocate FBX4 to the detergent-insoluble fraction, and 
stimulate the ubiquitination of one or a few yet unknown proteins. These findings 
implicate the involvement of αΒ-crystallin in the ubiquitin proteasome pathway in a 
phosphorylation- and cell cycle-dependent manner^nd may provide new insights in 
the aB-crystallin-induced aggregation in DRM. 
John den Engelsman^, 
Vivian Keijsers (1,2) 
Wilfried W. de Jong 
WilbertC. B o e l e n s ^ 
1) 
(1) Department of Biochemistry, NCMLS, Radboud 
University Nijmegen, The Netherlands 
(2) Present adress: Intervet Nederland bv.. Boxmeer, 
The Netherlands 
J. Biol. Chem. (2003), 278, 4699-4704 

Introduction 
αΒ-Crystallin is a 20-kDa protein 
which is highly expressed in eye lens and 
muscle tissues, and to lesser extents in 
many other tissues such as brain, skin and 
kidney (224). It is a member of the family 
of small heat shock proteins (sHsps), which 
are characterized by the presence of a 
conserved a-crystallin domain (54). Ten 
different sHPSs are expressed in human 
(127), mostly in muscle tissues (224). An 
important property of αΒ-crystallin is its 
ability to bind unfolding proteins (104). 
This chaperone-like activity might help to 
prevent protein aggregation during stress 
conditions (97), and thus increase the 
stress resistance of the cell (4,194). More 
specific functions of αΒ-crystallin are its 
apparent inhibition of apoptosis, possibly 
by preventing the activation of procaspase 3 
(125), and its association with cytoskeletal 
components, under normal conditions (175) 
which is more pronounced during stress 
(60,236,244). The interaction with type III 
intermediate filaments might modulate the 
assembly of these proteins in the cell, and 
prevent inappropriate interactions between 
bundled intermediate filaments (182). αΒ-
crystallin can be phosphorylated at three 
different positions, of which ser-19 and ser-
45 are mainly phosphorylated during mitosis 
and ser-59 under various stress conditions 
(115,131). Although the phosphorylation of 
αΒ-crystallin thus clearly is regulated by the 
cellular conditions, it is not clear what role 
phosphorylation plays in the functioning of 
αΒ-crystallin. 
A missense mutation in αΒ-
crystallin, R120G, has been shown to co-
segregate with desmin-related myopathy 
(DRM) in a French family (245). DRMs 
are usually adult-onset neuromuscular 
diseases characterized by the accumulation 
of aggregates of cytoplasmic desmin in 
conjunction with other proteins. In this 
French family, these inclusion bodies were 
found to contain large amounts of R120G 
αΒ-crystallin. Interestingly, αΒ-crystallin 
is also found in cytoplasmic inclusions 
in various neurological disorders, such as 
Alzheimer's, Parkinson's, Huntington's, 
Alexander's and diffuse Lewy body disease 
(97,129,229), but its role in these diseases 
remains elusive. 
The ubiquitin proteasome 
pathway (UPP) plays a prominent role 
in the pathogenesis of most of these 
neurodegenerative disorders (42). Ubiquitin-
positive proteins are consistently found in 
the inclusion bodies that are characteristic 
for these diseases (43,199). This suggests 
that the proteins responsible for aggregate 
formation may have a role in ubiquitin-
dependent degradation (43,46). Rapid protein 
degradation via the ubiquitin proteasome 
pathway is dependent on the ubiquitination 
of the substrate protein by an ubiquitin 
ligase (45,102). There are many different 
ubiquitin ligases, which can be classified 
into two families, containing either RING 
finger domain proteins or HECT domain 
proteins (118). The E3 SCF (Skpl/Cull/F-
box protein) ubiquitin ligase complex, which 
also contains the RING finger protein RBX1, 
captures the target protein via the F-box 
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Table 1 
Effect of mimicking phosphoiylation ofaB-cmtallm 
protein (36,40,52,137,249). The F-box is a 
conserved domain of about 40 residues which 
is responsible for recruiting bound target 
proteins to the SCF complex by interacting 
with Skpl (52). Ubiquitin moieties are then 
transferred through the SCF-complex to the 
target protein, ultimately resulting in the 
attachment of a poly-ubiquitin chain (72). 
This tag is readily recognized by the 26S 
proteasome, and leads to the degradation 
of the target protein (123). F-Box proteins 
capture their targets often in a phospho-
dependent manner (52,137), and generally 
have obvious domains for target protein 
interactions, like Leucine Rich Repeats 
(LRR) or WD40 repeats (52,137,249). 
In this study we identify the F-box 
protein FBX4 as an interactor of aB-
crystallin. The interaction with FBX4 seems 
to depend on the phosphorylation status of 
aB-crystallin, but is also enhanced by the 
mutation R120G. Binding of FBX4 to aB-
crystallin stimulates the ubiquitination of a 
detergent-insoluble protein, which probably 
destines this protein for ubiquitin-dependent 
degradation. 
Results 
Yeast two-hybridscreeningfor uB-crystallin-
mteracting proteins 
A yeast two-hybrid screening was 
performed with an aB-crystallin-lexA 
fusion protein (bait) to select proteins 
(preys) that are able to interact with aB-
crystallin. We have shown before that the 
aB-crystallin bait is not hampered by its 
chaperone-like activity, and can interact 
specifically with well known interactors, 
such as aA-crystallin and Hsp27 (22). The 
cDNA library used for the screening was 
derived from HeLa cells. HeLa cells have 
a low expression of aB-crystallin and thus 
may contain aB-crystallin-binding proteins. 
Most of the selected clones contained the 
cDNA coding for the α-type proteasomal 
subunit a7/C8, which has earlier been 
shown to be a specific interactor of aB-
crystallin (22). One of the selected clones 
contained a cDNA coding for the C-terminal 
part (residues 179-387) of an F-box protein, 
FBX4. This protein belongs to a large family 
of F-box containing proteins, which are 
components of the E3 SCF ubiquitin ligases 
(36,249), and function in phosphorylation-
dependent ubiquitination of specific 
on the interaction efficiency with wild type or 
truncated FBX4 m the yeast two-hybrid system 
Prey/baif 
aB-WT 
aB-S19D 
aB-S45D 
aB-S59D 
aB-S19/45D 
aB-S19/59D 
aB-S45/59D 
aB-S19/45/59D 
aB-S19/45A 
aB-S19/59A 
aB-S45/59A 
aB-S19/45/59A 
aB-R120G 
aA-WT 
aA-R116C 
Skp1 
Desmin 
Vimentin 
FBX4 
-
-
-
-
+ 
-
-
+ 
-
-
-
-
+ 
-
-
+++ 
-
FBX4 (179-387) 
+ 
+ 
+ 
+ 
++ 
+ 
+ 
++ 
+ 
+ 
+ 
+ 
+++ 
-
-
ND 
ND 
The efficiency of interaction was measured by p-
galactosidase expression in arbitrary units -, 0-20 units, 
+, 20-100 units, ++, 100-500 units, +++, >500 units · aB, 
aB-crystallin, WT, wild-type, oA, aA-crystallin, ND, not 
determined 
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substrate proteins. The interaction between 
αΒ-crystallin and the truncated FBX4 seems 
to be specific, and thus not due to improper 
folding of the prey, since FBX4( 179-387) 
does not interact with the αΒ-crystallin 
homologue αΑ-crystallin or with desmin 
(Table 1). However, no interaction with 
αΒ-crystallin could be detected when full 
length FBX4 was used (Table 1). Full length 
FBX4 seems to be properly expressed in the 
two-hybrid system, since it is capable to bind 
Skpl (Table 1), which is the F-box binding 
component of the SCF complex. Thus the 
N-terminal region of FBX4 strongly reduces 
the affinity of its C-terminal region for αΒ-
crystallin. 
Figure 1. Co-immunoprecipitation of uB-crystallin with 
FBX4. 
Extracts of HeLa cells, non-transfected (-) or co-transfected 
with plRES-FBX4 and a pIRES construct coding for «B-
crystallin wild type (WT), S19D/S45D (SD), S19A/S45A(SA), 
or R120G (RG), were subjected to immunoprecipitation with 
a polyclonal antibody against FBX4. The immunoprecipitates 
were analyzed by immunoblottlng using a monoclonal 
antibody against αΒ-crystallin. IP, immunoprecipitate; Input, 
each lane contained 1% of the HeLa extract used for the IP. 
Mimicking phosphorylation of aB-crystallin 
at ser-19 and ser-45 stimulates interaction 
with FBX4 
F-box proteins bind their substrate 
proteins often in a phosphorylation-
dependent manner. Since αΒ-crystallin can 
be phosphorylated at ser-19, ser-45 and ser-
59 (115), it is possible that phosphorylation 
of αΒ-crystallin is needed to allow 
interaction with ftill-length FBX4. These 
serines were therefore replaced, in different 
combinations, by negatively charged aspartic 
Figure 2 Tissue distribution of FBX4 and uB-crystallin 
mRNAs. 
Human multiple tissue Northern blots (Clontech) were probed 
with a 32P-labeled 710-bp Bg/ll-Ncol cDNA fragment of FBX4 
(upper panel) and with a "P-labeled 342-bp SamHI cDNA 
fragment of αΒ-crystallin (lower panel). Each lane contains 
approximately 2 pg of purified poly(A)* RNA isolated from 
the indicated tissues. The exposure times for FBX4 and aB-
crystallin were 11 and 7 days, respectively. 
acid residues, which mimic phosphorylation 
(170). As controls non-phosphorylatable 
mutants were made, in which the serines 
were replaced by alanine. Interestingly, 
αΒ-crystallin S19D/S45D showed a weak 
but specific interaction with full-length 
FBX4 as compared with WT or S19A/S45A 
(Table 1). αΒ-Crystallin mutants in which a 
single serine or a combination of two other 
serine residues was replaced did not show 
any detectable interaction. Furthermore, the 
S19D/S45D/S59D mutant had a very similar 
affinity as the S19D/S45D mutant. These 
results indicate that the interaction with 
FBX4 might be regulated by phosphorylation 
of αΒ-crystallin at ser-19 and ser-45. It is of 
interest that phosphorylation of aB-crystallin 
at these two serine residues is specifically 
enhanced during the mitotic phase of the cell 
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Figure 3 FBX4 co-translocates to the detergent-insoluble fraction together with uB-crystallin. 
HeLa cells were transfected with a pIRES construct coding for aB-crystallin wild type (WT), S19D/S45D (SD), S19A/S45A 
(SA), or R120G (RG), either with an empty pIRES vector (- ; left panels) or with plRES-FBX4 (+ ; right panels). Cells were 
harvested and lysed after 2 days, and fractionated into detergent-insoluble and -soluble fractions (lanes i and s, respectively) 
Each fraction was subjected to SDS-PAGE and immunoblotting with anti-aB-crystallin (lower panels) and anti-FBX4 (upper 
panels) antibodies-
cycle, while in this phase of the cell cycle protein-protein interaction assay. To this 
phosphorylation of ser-59 is reduced (131). end co-immunoprecipitation experiments 
were performed with lysates of HeLa cells 
R120G mutation in aB-crystallin stimulates co-transfected with different eukaryotic 
FBX4 interaction. expression constructs (see Materials and 
Aggregate formation might well be methods). FBX4 was immunoprecipitated 
affected by the ubiquitination process. For from the cell lysates with anti-FBX4 
this reason we were interested whether the antibodies coupled to Protein-Α Sepharose 
R.120G mutation in aB-crystallin, which beads, and the immunoprecipitates were 
causes intracellular aggregates, enhances analyzed by Western blot stained with a 
the interaction with FBX4. Interestingly, monoclonal antibody directed against aB-
aB-crystallin R120G was able to bind FBX4 crystallin (Fig. 1 ). About 1% of the expressed 
with a similar affinity as the S19D/S45D aB-crystallin SI9D/S45D and aB-crystallin 
mutant (Table 1). A corresponding missense R120G could be co-precipitated with 
mutation in aA-crystallin, R116C, which FBX4. The control proteins aB-crystallin 
causes congenital cataract (148) did not wild type and S19A/S45A were not or 
stimulate the interaction of aA-crystallin hardly co-precipitated with FBX4. These 
with FBX4 (Table 1). This result suggests results confirm that FBX4 is able to interact 
that FBX4 might play a role in the aggregate specifically with both aB-crystallin S19D/ 
formation caused by the R120G mutation of S45D and aB-crystallin R120G. However, 
aB-crystallin. the recovery of the co-precipitation is low, 
indicating that the interaction between the 
aB-Crystallin S19D/S45D and aB-crystallin proteins is relatively weak. 
R120G interact with FBX4 in HeLa cell 
extract. Expression of FBX4 
We next wanted to confirm the A physiologically meaningful 
association of full length FBX4 with aB- interaction between aB-crystallin and FBX4 
crystallin S19D/S45D and R120G in another requires that both proteins are expressed in 
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similar tissue types. We therefore compared 
the tissue distribution of FBX4 and aB-
crystallin by Northern blotting. (Fig. 2). The 
transcript of FBX4 was found to be about 1.8 
kb, which is in good agreement with the 1.5 
kb full length FBX4 cDN A without polyAtail 
(ace. nr NM_012176), and showed a similar 
tissue expression profile as presentedby 
Cenciarelli et al. (36). Importantly, most 
tissues expressing aB-crystallin transcripts 
also express FBX4, although the ratio varies 
between the different tissues. 
FBX4 co-translocates with aB-crystallin to 
the detergent-insoluble fraction 
Under stress conditions aB-
crystallin translocates from the detergent-
soluble to the detergent-insoluble fraction 
in a phosphorylation-independent 
manner (64,132,244). However, there are 
indications that under non-stress conditions 
phosphorylation of aB-crystallin, at least at 
solubility (107). For this reason we were 
interested in the detergent-solubility of aB-
crystallin S19D/S45D in HeLa cells under 
regular culture conditions. We found about 
twice as much aB-crystallin S19D/S45D 
in the detergent-insoluble fraction than 
aB-crystallin wild type or S19A/S45A as 
determined by quantification (Fig. 3, lower 
left panel and data not shown). This suggests 
that upon phosphorylation at ser-19 and ser-
45 aB-crystallin might have an increased 
affinity for a detergent-insoluble structure. 
In good agreement with the fact that the 
R120G substitution stimulates the formation 
of aB-crystallin containing aggregates, 
the pathological hallmark of the disease it 
causes, we found this aB-crystallin mutant 
predominantly in the detergent-insoluble 
fraction (Fig 3, lower left panel). 
Next we wanted to analyse the effect 
of aB-crystallin on the solubility of FBX4. 
For this purpose we co-transfected FBX4 
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Figure 4 Ubiquitination is stimulated in the presence of FBX4 and aB-crystallin S19D/S45D or aB-crystallin R120G. 
HeLa cells were co-transfected with pBSSK-HA-ubiquitin and either a pIRES construct coding for aB-crystallin wild type 
(WT), S19D/S45D (SD), S19A/S45A (SA), or R120G (RG) alone (lanes 3-10) or additionally with plRES-FBX4 (lanes 13-20). 
After two days the cells were lysed, fractionated into detergent-insoluble and -soluble fractions (lanes i and s, respectively), 
subjected to SDS-PAGE and Western blotting, and subsequently stained for the HA-epitope (upper panel) and FBX4 (lower 
panel). The ubiquitinated proteins (X-Ub(n|) range in size from 34 till much larger than 98 kDa. The asterisk indicates an 
unidentified endogenous HA-immunopositive soluble protein. 
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HeLa cells (Fig 3, right panels) When FBX4 
is transfected alone, it is completely soluble, 
and it remains soluble when co-transfected 
with aB-crystallin WT or S19A/S45A 
However, when FBX4 is co-transfected with 
either aB-crystallin S19D/S45D or R120G a 
proportional fraction of FBX4 also becomes 
detergent-insoluble (Fig 3, upper right 
panel) Thus aB-crystallin S19D/S45D and 
R120G seem to recruit FBX4 to a detergent-
insoluble structure 
Co-expression oj FBX4 with aB-crystallin 
S19/S45D or R120G induces ubiquitmation 
of detergent-insoluble proteins 
FBX4, like other F-box proteins, can 
function as an adaptor molecule to induce 
the ubiquitmation of a bound protein (36) 
It might thus well be that FBX4 induces the 
ubiquitmation of αΒ-crystallin S19D/S45D 
and R120G or of proteins bound to these 
isoforms of aB-crystallin To test this, HeLa 
cells were transfected with a combination of 
three expression constructs, coding for one 
of the isoforms of aB-crystallin, for FBX4 
and for HA-tagged ubiquitin (see Materials 
and methods) The HA-tag enabled us to 
determine the total amount of ubiquitinated 
proteins present in the transfected HeLa cells 
by Western blotting (232) The distribution 
of the different αΒ-crystallm isoforms 
and FBX4 between detergent-soluble and 
-insoluble fractions was similar to that 
found without co-expression of HA-tagged 
ubiquitin (data not shown, cf Fig 3, right 
panels) Interestingly, upon co-expression 
of FBX4 with aB-crystallin S19D/S45D 
or R120G a strong signal of ubiquitinated 
proteins could be detected in the detergent-
insoluble fraction, but not in the detergent-
soluble fraction (Fig 4, compare lanes 15 
with 16, and 19 with 20, respectively) 
These ubiquitinated proteins were not 
detected when FBX4 was co-expressed 
with aB-crystallin wild type or S19A/S45A 
(Fig 4, lanes 13, 14, 17 and 18) Also 
other control proteins, like ßB2-crystallin 
or Hsp27, were tested and found not to 
stimulate the ubiquitmation by FBX4 (data 
not shown), underlining the specificity of the 
ubiquitmation reaction 
Importantly, the ubiquitmation is 
dependent on the presence of FBX4, because 
co-expression of αΒ-crystallin S19D/S45D 
or R120G with HA-tagged ubiquitin alone 
gave no or very little ubiquitinated protein 
in the detergent-insoluble fraction (Fig 4, 
compare lanes 5 with 15, and 9 with 19, 
respectively) No higher molecular weight 
species of aB-crystallin or FBX4 could 
be detected upon Western blotting with 
their respective antisera (data not shown), 
making it unlikely that one of these proteins 
itself becomes ubiquitinated These results 
indicate that aB-crystallin S19D/S45D and 
R120G are able to ubiquitinate one or more 
proteins concomitantly with the recruitment 
of FBX4 to the detergent-insoluble fraction 
Similar ubiquitinated products were seen in 
a mouse C2 cell line (data not shown), thus 
the target protein is present in different cell 
lines 
Hsp70 is not induced upon overexpression of 
aB-crystallm and FBX4 
One could imagine that 
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Figure 5. Hsp70 is not induced upon co-transfection 
of the different isoforms of aB-crystallin together with 
FBX4 and HA-ubiquitin. 
A. HeLa cells were co-transfected with pBSSK -HA-ubiquitin 
and either a pIRES construct coding for αΒ-crystallin wild 
type (WT), S19D/S45D (SD), S19D/S45A (SA), or R120G 
(RG) alone, or additionally with plRES-FBX4. Total cell 
extracts were prepared after two days and analyzed by 
SDS-PAGE and subsequent immunoblotting with anti-ß 
actin (lower panel), anti-Hsp70 (middle panel) and anti-HA 
(upper panel). The ubiquitmated proteins are indicated by 
X-Ub(nl. The size of the protein markers are shown at the 
left. The asterisk indicates an unidentified endogenous HA-
immunopositive protein. B. Hela cells were subjected to a 
heat-shock at 45 °C for 30 minutes and analyzed for Hsp70 
induction. No heat-shock (0), 1 hour recovery (1 ), 3 hours 
recovery (3), 6 hours recovery (6), and 18 hours recovery 
(18). ß-actin was used as a loading control. 
overexprcssion of aB-crystallin S19D/S45D 
or R120G with FBX4 and HA-ubiquitin 
somehow induces in itself a stress response, 
and that this stress reaction is responsible for 
the observed ubiquitination. To exclude this 
possibility, we estimated the levels of the 
endogenous stress-inducible Hsp70 in the 
transfected cells by Western blotting (Fig. 5). 
No significant increase in Hsp70 level could 
be detected upon co-expression with FBX4 
and aB-crystallin S19D/S45D or R120G as 
compared to the different control transfected 
HeLa cells (Fig 5A, middle panel), whereas 
upon heat stress Hsp70 is induced (Fig. 
5B). A similar negative result was obtained 
by co-transfecting a stress-inducible 
reporter construct (data not shown). Thus 
overexprcssion of aB-crystallin S19D/S45D 
or R120G together with FBX4 induces the 
ubiquitination of one or more proteins in 
non-stressed cells (Fig 5A, upper panel). 
Analysis of ubiquitination by 2D 
electrophoresis 
To determine the number and sizes 
of proteins that are ubiquitinated by FBX4 
and aB-crystallin S19D/S45D or R120G, 
the ubiquitinated proteins were analyzed 
by 2D gel electrophoresis. Each target 
protein to which an increasing number of 
ubiquitin moieties is bound should give a 
curved pattern of spots, starting from the 
mono-ubiquitinated form towards highly 
poly-ubiquitinated forms (144). The shape 
of the curve is dependent on the difference 
in pi of ubiquitin and the target protein. 
Detergent-insoluble fractions, in which 
the ubiquitinated proteins are enriched, 
were isolated from HeLa cells transfected 
with HA-ubiquitin, FBX4 and wild type or 
mutant aB-crystallin, and subjected to 2D 
electrophoresis and analyzed by Western 
blotting. The 2D Western blots were first 
stained for aB-crystallin and then for 
the HA epitope (Fig. 6). aB-Crystallin 
R120G (arrow) gave the strongest signal 
(Fig. 6D) as was expected, because this 
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Figure 6 Ubiquitin-protein conjugates resolved by 2D 
electrophoresis. 
HeLa cells were co-transfected with pBSSK-HA-ubiquitin, 
plRES-FBX4, and a pIRES construct coding for either 
aB-crystallin wild type (A), S19D/S45D (B), S19A/S45A 
(C) or R120G (D), After two days the cells were lysed 
and fractionated into detergent-soluble and -insoluble 
fractions. The detergent-insoluble fraction was dissolved 
by ultrasonification in a buffer containing 6M urea, 2M 
thiourea, and 2% CHAPS, separated by IEF and in the 
second dimension by 12 % SDS-PAGE. After blotting onto 
nitrocellulose membranes, immunostaining was successively 
performed for aB-crystallin and the HA-epitope. Proteins 
staining for uB-crystallm are indicated, as well as the region 
where ubiquitin staining of unknown protein(s) X is observed 
(X-Ubm). (iB-Crystallin displays charge heterogeneity which 
may be due to modifications such as phosphorylation 
or deamidation. The arrowhead indicates the smallest 
ubiquitinated protein (about 35 kDa). 
mutant is more abundantly present in the 
insoluble fraction than the other isoforms. 
In the extracts of HeLa cells co-transfected 
with aB-crystallin WT or S19A/S45A, no 
ubiquitinated products were detected (Fig. 6, 
left panels), in agreement with the findings 
in Fig. 4. The major ubiquitinated products 
formed a single curved pattern, indicating 
that the number of proteins that have been 
ubiquitinated is very limited, perhaps 
just one. Importantly, a similar but less 
pronounced pattern was obtained with aB-
crystallin S19D/S45D (Fig. 6B), indicating 
that aB-crystallin S19D/S45D and R.120G 
most probably stimulate the ubiquitination 
of the same protein(s). The fastest migrating 
ubiquitinated product (arrowhead) has a 
molecular mass of about 35 kDa. 
Discussion 
We have characterized a new 
interactor of aB-crystallin, the F-box protein 
FBX4. The interaction between FBX4 and 
aB-crystallin is most likely regulated by 
phosphorylation at ser-19 and ser-45. This 
combination is of particular interest since 
these serines are mainly phosphorylated 
during mitosis (131), suggesting that the 
interaction with FBX4 might play a role 
during cell division. In our experiments, 
the phosphorylation at ser-19 and ser-45 
was mimicked by replacing these residues 
by negatively charged aspartic acids 
(Table 1 and Fig. 1). It is possible that 
phosphorylated serines give a stronger 
interaction than aspartic acid residues, since 
a phosphate group has two negative charges. 
For this reason it cannot be excluded that 
phosphorylation of just one of the two 
serines is already sufficient to stimulate the 
interaction with FBX4. Since ser-19 and ser-
45 are phosphorylated by different kinases 
(131), it would be interesting to determine 
if both phosphoserines are indeed necessary 
for FBX4 interaction. 
We made the interesting observation 
that not only the phospho-mimicking 
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mutations stimulate the interaction of aB-
crystallin with FBX4, but also the mutation 
R120G which causes a desmin related 
myopathy. Ser-19 and ser-45 are localized 
in the N-terminal domain, and R120G in 
the α-crystallin domain. The interaction 
of aB-crystallin R120G with FBX4 could 
be the result of a conformational change 
induced by the mutation and resembling 
the phosphorylated form. Since the 
structure of aB-crystallin is not known it 
cannot be excluded that these residues are 
actually close to each other in the tertiary 
structure. In wheat Hspl6.9, of which the 
crystal structure is known, R108 is located 
at the equivalent position as R120 in aB-
crystallin, and forms a salt-bridge with a 
negatively charged residue (240). Thus due 
to the loss of R120 a negative charge might 
become available, and if at the right position 
can mimic phosphorylation. 
We found that the N-terminally 
truncated FBX4, FBX4( 179-387), not only 
interacts efficiently with aB-crystallin S19D/ 
S45D and R120G, but also with wild type 
aB-crystallin (Table 1). This is remarkable, 
because full length FBX4 does not interact 
with wild type aB-crystallin, but only with 
S19D/S45D and R120G. Also for some other 
proteins it has been shown that the truncated 
version is a stronger interactor than the full 
length protein (26). It should be emphasized 
that in the case of FBX4(179-387) this is 
not due to improper folding, because the 
interactions are specific (Table 1). At the 
moment we cannot explain this result. It 
could be an artifact of the two-hybrid system, 
but it is also possible that it reflects a specific 
functional aspect. One could hypothesize that 
under certain conditions FBX4 can change 
its conformation in such a manner that it 
resembles that of FBX4( 179-387), allowing 
interaction not only with phosphorylated but 
also with non-phosphorylated aB-crystallin. 
Both in the two-hybrid system and the 
co-immunoprecipitation assay the interaction 
between FBX4 and aB-crystallin S19D/ 
S45D or R120G is relatively weak (Table 
1 and Fig. 1). However, by co-expression 
of FBX4 with these aB-crystallin mutants, 
a large proportion of the FBX4 protein 
followed the translocation of the mutants to 
the detergent-insoluble fraction (Fig. 4). It is 
possible that the interaction between FBX4 
and the aB-crystallin mutants is stabilized 
in the detergent-insoluble fraction by a yet 
unknown protein. It would be interesting to 
find out if this protein is the target protein 
ubiquitinated by the FBX4-ubiquitin ligase 
complex. 
The accumulation of ubiquitinated 
products only if FBX4 is present with aB-
crystallin S19D/S45D or R120G (Figs. 4-6) 
is probably a result of the ubiquitin ligase 
activity of FBX4. However, we cannot 
exclude the possibility that the ubiquitinated 
products accumulate due to indirect effects 
such as inhibition of protein degradation 
by aggregate formation (18) or induction 
of a stress response. The latter is unlikely, 
because we were unable to detect a stress 
response due to co-expression of FBX4, 
HA-ubiquitin and aB-crystallin S19D/S45D 
orR120G(Fig. 5). Furthermore, it is not very 
likely that inhibition of protein degradation 
would cause ubiquitination of just one or 
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two proteins 
The protein(s) ubiquitinated by the 
FBX4 ubiquitin ligase in combination with 
phosphorylated aB-crystallin remain to be 
determined Identification of the ubiquitinated 
protein(s) might be an important step in 
understanding the role of phosphorylation 
of aB-crystalhn during mitosis, and may 
give insight in the aB-crystallin RI20G 
induced aggregates found in a DRM It has 
been shown that in many different cell lines 
αΒ-crystallin is specifically phosphorylated 
during mitosis (131) Both aB-crystallin and 
FBX4 are expressed together in a variety 
of tissues (Fig 2) It thus may well be that 
the ubiquitination induced by the regulated 
interaction between FBX4 and aB-crystalhn 
is a generally occurring process 
Experimental procedures 
Plasmids, cell culture, transjections and 
antibodies 
The coding region of wild type 
human aB-crystallin cDNA, aB-crystallin 
S19A/S45A (kindly provided by Paul 
Muchowski, University of Washington, 
Seattle), αΒ-crystallin S19D/S45D, aB-
crystalhn R120G, wild type human aA-
crystalhn (kindly provided by Jack Liang, 
Harvard Medical School, Boston) and 
human αΑ-crystallin R116C cDNAs were 
cloned into the polylinker region of the 
expression vector pIRES (Clontech) and the 
yeast two-hybrid vectors pEG202 and pJG4-
5 Mutations were introduced by site directed 
mutagenesis (Stratagene) The complete 
coding region of FBX4 cDNA was obtained 
by reverse transcription polymerase chain 
reaction (RT PCR) from total HeLa RNA and 
cloned into the pIRES, pEG202 and pJG4-5 
vectors Skpl cDNA was obtained by PCR 
using the HeLa library as a cDNA source 
and cloned into the pEG202 and pJG4-5 
vectors The cDNA coding for vimentin and 
desmin were cloned into the pEG202 and 
pJG4-5 vectors DNA fragments encoding 
the coding sequence of HA-ubiquitin were 
cloned in the BSSK vector (kindly provided 
by Dirk Bohmann, EMBL, Heidelberg) 
HeLa cells were grown at 37 °C 
in Dulbecco's modified Eagle's medium 
(Invitrogen) supplemented with 10% fetal 
calf serum (PAA), 100 units/ml penicillin 
and 200 μg/ml streptomycin, in the presence 
of 5% C0 2 Transfections of plasmids into 
HeLa cells were performed by lipofection 
using the FuGENE™ 6 system, as 
described by the manufacturer (Boehrmger 
Mannheim) 
Immunoblotting was performed 
with mouse monoclonal anti-aB-crystallin 
(Riken Cell Bank), monoclonal anti-HA 
antibodies (Roche), monoclonal anti-
Hsp70 (Stressgen), monoclonal anti-ß-actin 
(Sigma) and polyclonal rabbit anti-FBX4 
serum, obtained from a rabbit immunized 
with purified recombinant FBX4 protein 
Two-hybrid screening 
For the interaction screening, yeast 
strain EGY48 (ura3 trpl his3 3lexA-
operator-LEU2, Clontech) containing bait 
plasmid pEG-aB and LacZ reporter plasmid 
pJK103, was transformed with the library 
pJG-HeLa (kindly provided by Roger 
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Brent, Berkely, California). Transformants 
were selected on plates lacking histidine, 
uracil and tryptophan. A total of about 1 
χ 106 transformants were obtained. After 
induction of the prey expression, about 3 
χ 106 colony forming units were plated on 
galactose plates lacking leucine to select for 
clones coding for proteins able to interact 
with the aB-crystallin fusion protein. 
Northern blot analysis 
The tissue distribution of FBX4 
and aB-crystallin mRNA was analysed 
using Human Multiple tissue Northern 
blots (Clontech). A 710 bp BglU-Ncol 
cDNA fragment of FBX4 and a 342 bp 
BamH\ cDNA fragment of human aB-
crystallin were labelled with a-i2P dCTP 
using random mutagenesis kit (Invitrogen). 
Hybridization was done at 65 "C in 0.25 M 
Na,HP04, 7% SDS, 1% BSA, 1 mM EDTA 
and 100 μg herringsperm DNA. Following 
hybridization, filters were washed under 
high stringency conditions (0.025 M 
Na,HP04, 1% SDS, 1 mM EDTA at 65 Τ ) 
and visualized by autoradiography. The blots 
were first hybridized with the FBX4 probe, 
stripped and subsequently reprobed for aB-
crystallin. 
Detergent solubility 
Cells were harvested by 
trypsinization, and subsequent centrifugation 
in a Minifuge RF (Hereaus) (5 minutes at 
1000 r.p.m.). Cells were washed once with 
medium and twice with phosphate-buffered 
saline (PBS), resuspended in ice-cold lysis 
buffer (10 mM Tris pH 7.5, 100 mM KCl, 1 
mM DTT, 1 mM EDTA, 5 mM MgCl2, ImM 
phenylmethanesulfonylfluoride and 0.5 % 
Nonidet P-40) and centrifuged (15 minutes 
3000 r.p.m. at 4 °C). The supernatant 
containing the detergent-soluble proteins 
was collected, and the pellet containing the 
detergent-insoluble proteins was obtained 
after washing once with lysis buffer. 
Electrophoresis and Western blot analysis 
SDS-PAGE was performed according 
to standard procedures. Proteins were 
transferred to nitrocellulose membranes 
(Schleicher & Schuell) for Western blot 
analysis by electroblotting. The membranes 
were incubated successively with primary 
antibodies and horseradish peroxidase-
conjugated secondary antibodies (DAKO). 
For isoelectric focussing (IEF) 
the detergent-insoluble pellets (see above) 
were taken up in 100 μΐ of 2 M thiourea, 
6 M urea, and 2% 3-[(3-cholamidopropyl)-
dimethylammonio]-1 -propanesulfonate 
(CHAPS), and solubilized by sonification. 
Protein concentrations were determined 
using the 2-D Quant kit (Amersham 
Biosciences) and the samples further 
diluted to appropriate concentrations in 2 M 
thiourea, 6 M urea, 0.8% IPG buffer 3-10 
(Amersham Biosciences), 2% CHAPS, 10 
mM dithiothreitol (DTT) and bromophenol 
blue. Four μg of protein was analyzed on a 
3-10 pH gradient strip (7 cm) (Amersham 
Biosciences) by rehydration loading. After 
IEF, strips were equilibrated 2 times for 10 
minutes in 50 mM Tris-HCl pH 8.8,6 M urea, 
30% glycerol, 2% SDS and bromophenol 
blue containing 10 mg/ml DTT and 25 mg/ml 
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iodoacetamide, respectively. The strips were 
placed on a small conventional 12% SDS-
PAGE gel. These gels were subsequently 
blotted and stained for ubiquitin-conjugates 
and aB-crystallin. 
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Mimicking phosphorylation of the small heat-shock protein 
aB-crystallin recruits the F-box protein FBX4 to nuclear SC35 
speckles 
The mammalian small heat shock protein aB-crystallin can be phosphorylated at three 
different sites, Ser-19, Ser-45 and Ser-59. We compared the intracellular distribution 
of wild-type, non-phosphorylatable and all possible pseudophosphorylation mutants 
of aB-crystallin by immunoblot and immunocytochemical analyses of stable and 
transiently transfected cells. We observed that pseudophosphorylation at two 
(especially S19D/S45D) or all three (S19D/S45D/S59D) sites induced the partial 
translocation of aB-crystallin from the detergent-soluble to the detergent-insoluble 
fraction. Double immunofluorescence studies showed that the pseudophosphorylation 
mutants localized in nuclear speckles containing the splicing factor SC35. The aB-
crystallin mutants in these speckles were resistant to mild detergent treatment, and 
also to DNase I or RIMase A digestion, indicating a stable interaction with one or more 
speckle proteins, not dependent on intact DNA or RNA. We further found that FBX4, 
an adaptor protein of the ubiquitin-protein isopeptide ligase SCF known to interact 
with pseudophosphorylated aB-crystallin, was also recruited to SC35 speckles when 
cotransfected with the pseudophosphorylation mutants. Because SC35 speckles also 
react with an antibody against aB-crystallin endogenously phosphorylated Ser-45, 
our findings indicate that aB-crystallin has a phosphorylation-dependent role in the 
ubiquitination of a component of SC35 speckles. 
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Introduction 
αΒ-Crystallin is a member of 
the family of small heat-shock proteins 
(8,105,240). In mammals, aB-crystallin 
is present in many cell types, but highest 
expression is found in eye lens and muscle 
cells (106). It occurs in polydisperse hetero-
oligomeric complexes with masses of up 
to 800 kDa, which may comprise various 
other small heat-shock proteins, such as 
aA-crystallin in the eye lens, and Hsp27 
and Hsp20 in muscle cells (128,224). 
Phosphorylation of aB-crystallin mainly 
occurs at three serine residues: Ser-19, for 
which the kinase is not known, and Ser-45 
and Ser-59, which can be phosphorylated 
by p44/42 mitogen-activated protein kinase 
and MAP kinase-activated protein kinase-
2, respectively (115,131). The differential 
phosphorylation of these serines suggests 
specific functional implications for each of 
them (78,130). Under stress conditions all 
three sites become phosphorylated to some 
extent, but after proteasomal inhibition and 
in disused soleus muscle Ser-59 is most 
prominently phosphorylated (115,132). 
Biochemical and immunofluorescence 
analyses of mitotic cells revealed that 
phosphorylation at Ser-19 and Ser-45, but 
not at Ser-59, is increased during the mitotic 
phase of the cell cycle (131). 
Different functions for aB-
crystallin have been described. The protein 
shows in vitro chaperone-like activity, 
which is reduced upon phosphorylation 
(112). In vivo, aB-crystallin is important 
for the maintenance and control of the 
cytoskeleton (154,191). It can interact in a 
phosphorylation-independent manner with 
type III intermediate filaments, in this way 
modulating the assembly of these filaments 
(61 ), and probably protects the cytoskeleton 
during stress (60,244). αΒ-Crystallin is 
able to confer resistance to different kinds 
of stress, as well as to apoptosis (162). 
It inhibits apoptosis by preventing the 
activation of procaspase 3, in which process 
phosphorylation of Ser-59 is essential 
( 125,126,165). Ample evidence indicates the 
involvement of aB-crystallin in the ubiquitin 
proteasome system (22,48,58,110,244), and 
in the aggresomal response to misfolded 
proteins in degenerative neuro- and 
myopathies (38,73,97,113,151,202,206,20 
8). 
Recently, we reported that aB-
crystallin with mimicked phosphorylation 
at two or three serines (S19D/S45D and 
S19D/S45D/S59D), as well as aB-crystallin 
R120G, a mutant found to be causative for 
a desmin-related myopathy (245), interact 
with the F-box protein FBX4 (58). FBX4 is 
an adaptor molecule of the ubiquitin-protein 
isopeptide ligase SCF (Skpl/Cull/F-box). 
The mutant αΒ-crystallins translocate 
FBX4 to the detergent-insoluble fraction 
and promote the ubiquitination of an as 
yet unidentified protein. This suggests 
that during this process the aB-crystallin 
mutants interact with a detergent-insoluble 
subcellular structure (58). To study this 
phenomenon in more detail, we now 
determined the detergent-insolubility and 
cellular localization of a series of aB-
crystallin mutants containing all possible 
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combinations of mimicked phosphoserines. 
We found that the increased detergent-
insolubilization of pseudophosphorylated 
aB-crystallin is associated with its 
localization at SC35 speckles, a nuclear 
compartment involved in storage and 
recycling of splicing factors. Additionally, 
we show that aB-crystallin S19D/S45D 
and S19D/S45D/S59D recruit FBX4 to the 
SC35 speckles. The fact that SC35 speckles 
also contain aB-crystallin endogenously 
phosphorylated at Ser-45 argues for the 
physiological relevance of our observations. 
Results 
Detergent-insolubility of 
pseudophosphorylated aB-crystallin 
Expression constructs containing 
the cDNAs of wild type and mutated aB-
crystallin were transfected into HeLa cells. 
After 2 days the cells were harvested and 
separated into a detergent-soluble and a 
detergent-insoluble fraction. Immunoblotting 
showed that wild type aB-crystallin as well 
as the non-phosphorylatable control aB-
crystallin S19A/S45A/S59A were partially 
found in the detergent-insoluble fraction 
(fig. la) at levels of 19 ± 4 % and 14 ± 4 
%, respectively (fig. lb). Replacement of 
a single serine by aspartic acid at position 
19, 45 or 59 gave a slight but not significant 
increase in detergent insolubility. Replacing 
two serines by aspartic acids also gave an 
increase in detergent insolubility, but only 
in the case of S19D/S45D (43 ± 3 %) the 
increase was significant. An even more 
pronounced insolubilization (55 ± 2 %) was 
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Figure 1. Pseudophosphorylated uB-crystallins are 
enriched in the detergent-insoluble fraction. 
(a) HeLa cells were transfected with expression constructs 
coding forwlid type aB-crystallln (WT), pseudophosphorylated 
aB-crystallin mutants containing S to D substitutions at the 
Indicated positions or non-phosphorylatable aB-crystallin 
S19A/S45A/S59A. A fixed number of the transfected cells 
were separated into detergent-soluble (S) and detergent-
insoluble (I) fractions, and analyzed by Western blotting 
using the RIKEN monoclonal anti-aB-crystallin antibody, (b) 
The average level of aB-crystallin In the detergent-Insoluble 
fraction is shown as a percentage of the total aB-crystallin. 
Values are based on four independent experiments and 
error bars represent the standard error of the mean (SEM). 
Asterisks indicate the αΒ-crystallin mutants which are 
significantly enriched in the detergent-insoluble fraction 
compared to wild type aB-crystallin (p < 0 005). 
obtained when all three phosphorylatable 
serines were replaced by aspartic acids. 
Mimicking phosphorylation of aB-crystallin 
reveals a distinct nuclear staining 
To determine the subcellular 
localization of aB-crystallin mutants we 
performed indirect immunofluorescence 
analyses on stably transfected T-Rcx 
HeLa cells inducible for aB-crystallin 
expression (fig. 2a, panels Α-C). Cells 
induced to express wild type aB-crystallin 
or the unphosphorylatable aB-crystallin 
S19A/S45A/S59A showed the expected 
cytoplasmic localization, while cells 
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Figure 2 Detergent-insoluble pseudophosphorylated αΒ-crystallin localizes in nuclear bodies. 
(A) T-Rex HeLa cell lines stably transfected with αΒ-crystallin wild type (WT), S19D/S45D/S59D (STD) or S19A/S45A/S59A 
(STA) were induced for expression. Part of the cells were fixed and permeabilized (No detergent) while other cells were 
permeabilized prior to fixation (Detergent). Localization of αΒ-crystallin was visualized by indirect immunofluorescence with 
the RIKEN monoclonal anti-ctB-crystallin antibody and TRITC-conjugated secondary antibody (Α-F), and nuclei were stained 
with YOYO-1 (G-l). (B) Percentage of HeLa cells, transiently transfected with wild type (WT) or mutated αΒ-crystallin. which 
exhibit nuclear bodies as judged by fluorescence microscopy. Per slide 200 transfected cells were counted at a magnification 
of 400x. The average of two independent experiments is shown. 
expressing the pseudophosphorylated aB- tagged N-terminally with green fluorescent 
crystallin S19D/S45D/S59D additionally protein (GFP) did not localize in nuclear 
displayed localization of αΒ-crystallin in bodies (data not shown). This suggests 
nuclearbodies. A similar result was obtained that a free N-terminus is important for 
with transiently transfected mouse C2 cells, nuclear entrance, or that the size of the 
suggesting that this nuclear localization fusion protein or complex becomes too 
is not cell-specific (data not shown), large. The patterns shown in fig. 2a were 
However, αΒ-crystallin S19D/S45D/S59D obtained with the RIKEN monoclonal 
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antibody directed against aB-crystallin, but 
similar cytoplasmic and nuclear staining 
was observed with the monoclonal 2D2B6 
anti-aB-crystallin, and with a polyclonal 
antiserum directed against the N-terminal 
region of aB-crystallin. To specifically 
reveal the localization of detergent-insoluble 
aB-crystallin, the soluble aB-crystallin was 
removed by treating cells with a detergent 
solution prior to fixation. Panels D-I in fig. 
2a show that in all cells the cytoplasmic 
staining was strongly reduced. Only cells 
expressing aB-crystallin S19D/S45D/S59D 
show the nuclear bodies, indicating that at 
least part of the detergent-insoluble fraction 
of the pseudophosphorylated aB-crystallin 
is localized in these structures. 
Transiently transfected HeLa cells 
were used to relate the percentage of cells 
containing aB-crystallin in nuclear bodies 
to the number and combinations of Ser to 
Asp replacements (fig. 2b). In the case of 
a single replacement, only S19D and S45D 
gave an appreciable number of cells with 
aB-crystallin in nuclear bodies. In the case 
of a double replacement all three possible 
aB-crystallin mutants could be detected in 
nuclear bodies, but the combination S19D/ 
S45D had the strongest effect. The largest 
number of positive cells was obtained with 
the S19D/S45D/S59D mutant. These results 
confirm the correlation between detergent-
insolubility and nuclear localization of 
the pseudophosphorylated aB-crystallins 
(compare figs, lb and 2b). It may be noted 
that even in the case of S19D/S45D/S59D 
not all nuclei detectably displayed such 
bodies, as is also the case for this same 
mutant in the stably transfected cells (fig. 2a, 
panel E). 
aB-crystallin S19D/S45D co-localizes with 
SC35 speckles 
The nucleus contains various types of 
subnuclear structures, such as nucleoli, SC35 
speckles, Cajal bodies and PML bodies, 
each having different nuclear activities 
(142,219). Based on the morphological 
appearance we speculated that the nuclear 
aB-crystallin bodies might be localized 
at the SC35 speckles (220). A double 
immunofluorescence analysis was therefore 
performed on detergent-treated HeLa cells 
transiently transfected with aB-crystallin 
S19D/S45D, using a human autoimmune 
anti-Sm serum suitable for staining SC35 
speckles (176,220) in combination with 
monoclonal anti-aB-crystallin. aB-
Crystallin S19D/S45D indeed perfectly co-
localized with the most intensely stained Sm 
speckles (fig. 3a Α-C). A similar result was 
obtained with aB-crystallin S19S/S45D/ 
S59D (data not shown). To confirm that the 
anti-Sm serum indeed stains SC35 speckles, 
the co-localization of the Sm epitope with 
the splicing factor SC35, which is the antigen 
by which these speckles were originally 
characterized (220), is shown using a 
monoclonal anti-SC35 antibody (fig. 3a D-
F). These findings establish that mimicking 
phosphorylation of aB-crystallin results in 
its association with SC35 speckles. 
Localization of aB-crystallin S19D/S45D/ 
S59D in SC35 speckles is resistant to DNase 
I and RNase A treatment 
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To find out if the association of 
pseudophosphorylated aB-crystallin with 
SC35 speckles is dependent on intact DNA 
or RNA, we subjected T-Rex HeLa cells 
expressing the mutant S19D/S45D/S59D 
to DNase I or RNase A treatment (220). 
The localization of aB-crystallin S19D/ 
S45D/S59D was visualized by indirect 
immunofluorescence (fig. 3b, panels A and 
D). The DNase treated cells were co-stained 
with YOYO-1 (fig. 3b, B). Hardly any 
DNA staining was observed after DNase 
treatment; only the staining of the nucleoli 
remained, indicating that most of the DNA 
was digested. However aB-crystallin could 
still be detected in SC35 speckles (fig. 3b, 
A and C). The RNase treated cells were 
co-stained with anti-Sm serum, because 
the localization of Sm proteins at SC35 
speckles is more RNA-dependent than the 
Sm proteins that are diffusely distributed 
throughout the nucleoplasm. No Sm protein 
could be detected in the SC35 speckles after 
RNase treatment (fig. 3b, E and F), as shown 
before (220), indicating that most of the 
RNA was digested, but aB-crystallin was 
still present in SC35 speckles (fig. 3b, D 
and F). It thus appears that the localization 
of pseudophosphorylated aB-crystallin in 
nuclear speckles is not dependent on intact 
DNA or RNA. 
aB-crystallin S19D/S45D recruits FBX4 to 
the SC35 speckles 
We have shown before that the 
aB-crystallin mutants S19D/S45D and 
S19D/S45D/S59D interact with the F-box 
protein FBX4 (58). These same mutants also 
associate most strongly with SC35 speckles 
(fig. 2b). FBX4 normally is a detergent-
soluble protein, but upon co-expression 
with aB-crystallin S19D/S45D a fraction 
of FBX4 becomes detergent-insoluble 
(58). This suggests that FBX4 may well 
co-localize with aB-crystallin S19D/S45D 
at the SC35 speckles. We investigated 
this possibility using a C-terminally GFP-
tagged FBX4 expression construct. When 
this construct alone was overexpressed 
in HeLa cells, fluorescence was found in 
cytoplasm and nucleus, but excluding the 
nucleoli (data not shown, and (36)). Upon 
pretreatment with detergent before fixation, 
any cells transfected with FBX4-GFP could 
no longer be detected, although we obtained 
a transfection efficiency of 40-45 %. This 
indicates that most of the FBX4-GFP, like 
untagged FBX4, is detergent-soluble (data 
not shown and (58)). However, when FBX4-
GFP was co-expressed with aB-crystallin 
S19D/S45D, a co-localization of detergent-
insoluble FBX4-GFP with aB-crystallin 
S19D/S45D at SC35 speckles could be 
observed (fig. 3c, A-C). FBX4-GFP was not 
observed in speckles when co-expressed with 
aB-crystallin wild type or S19A/S45 A/S59A 
(data not shown). These results indicate that 
aB-crystallin S19D/S45D is able to recruit 
FBX4-GFP to SC35 speckles. 
SC35 speckles contain aB-crystallin 
endogenously phosphorylated at Ser-45 
To be physiologically relevant, our 
results obtained with the phosphomimicking 
aB-crystallin mutants would suggest that 
endogenously phosphorylated aB-crystallin 
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Figure 3. Pseudophosphorylated uB-crystallin localizes in SC35 speckles and is independent of intact DNA and 
RNA. 
(A) HeLa cells, transiently transfected with uB-crystallin S19D/S45D (a-c) or non-transfected (d-f), were first permeabilized 
and subsequently fixed. Cells were stained with the RIKEN monoclonal anti-aB-crystallin antibody (a) or the monoclonal 
antibody to SC35 (d) and co-stained with anti-Sm (b and e). The yellow pseudo-colour shows the extent of co-localization 
between the two antigens (c and f). Primary antibodies to αΒ-crystallin and SC35 were detected with TRITC-conjugated 
secondary antibodies, whereas Sm was detected by FITC-conjugated secondary antibodies. (B) T-Rex HeLa cells expressing 
αΒ-crystallin S19D/S45D/S59D were fixed in methanol, without prior permeabilization, and treated with DNase I (a-c) or 
RNase A (d-f). Cells were co-stained with the RIKEN monoclonal anti-aB-crystallin antibody (a and d) and YOYO-1 (b) 
or anti-Sm (e). Panels c and f show the overlays. (C) FBX4 co-localizes with αΒ-crystallin S19D/S45D at SC35 speckles. 
HeLa cells were cotransfected with expression constructs encoding αΒ-crystallin S19D/S45D and C-terminally GFP-tagged 
FBX4. Before fixation cells were permeabilized to remove detergent-soluble proteins. aB-Crystallm was detected by 
indirect immunofluorescence using the RIKEN monoclonal anti-aB-crystallin antibody (a), and FBX4 was detected by GFP 
fluorescence (b). The merge picture (c) shows the co-localization. (Acolour picture is available on page 114) 
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Figure 4. uB-Crystallin endogenously phosphorylated at 
Ser-45 co-localizes with SC35 speckles. 
(A) T-Rex HeLa cells stably transfected with αΒ-crystallin 
wild type (WT) were induced for expression, and after 3 
days fixed and permeabilized. Cells were stained with the 
polyclonal anti-aB-crystallin S45p antibody (a) and co-
stained with anti-Sm (b). The anti-aB-crystallin S45p antibody 
was detected with TRITC-conjugated secondary antibodies, 
whereas Sm was detected by FITC-conjugated secondary 
antibodies. Arrows indicate some of the speckles that contain 
both αΒ-crystallin S45p and Sm. (B) T-Rex HeLa cells stably 
transfected with aB-crystallin wild type (WT) were induced 
for expression and harvested after 3 days. Part of the cells 
was used as total cell lysate (T), while the other part was 
fractionated into a soluble fraction (S) and a nuclear fraction 
(N). Fractions were analyzed by Western blotting using the 
RIKEN monoclonal anti-aB-crystallin antibody (a) and the 
polyclonal anti-aB-crystallin S45p antibody (b). 
should be present in SC35 speckles, too. 
However, antibodies against αΒ-crystallin 
did not stain any speckles in cells expressing 
wild type αΒ-crystallin (Fig. 2a, panels 
A and D). In contrast, an antibody which 
specifically recognizes αΒ-crystallin 
phosphorylated at Ser-45 (131) clearly 
revealed speckles in the diffusely stained 
nucleoplasm (fig. 4a, panel A), co-localizing 
with the Sm staining of SC35 speckles 
(panel B). This phosphospecific antibody 
thus clearly is much more sensitive to 
detect its antigen than the anti-aB-crystallin 
antisera. While nuclear speckles staining for 
αΒ-crystallin were not observed in every 
cell expressing the phosphomimicking 
mutants (fig. 2a, panel E; fig. 2b), the 
phosphospecific antiserum stained speckles 
in all cells, indicating that the presence of 
phosphorylated αΒ-crystallin in nuclear 
speckles is a constitutive feature. To confirm 
that the speckle staining is indeed due to the 
presence of phosphorylated αΒ-crystallin, 
we performed Western blotting with the anti-
aB-crystallin and anti-S45p antibodies on 
the isolated nuclei of these cells. It appears 
that only a tiny proportion of the total αΒ-
crystallin is present in the nuclear fraction 
(fig. 4b, panel A), while αΒ-crystallin 
phosphorylated at Ser-45 is exclusively 
found in this fraction (panel B). With respect 
to their localization in SC35 speckles, the 
phosphomimicking αΒ-crystallin mutants 
thus resemble the endogenously Ser-45-
phosphorylated αΒ-crystallin. 
Discussion 
We report here that mimicking the 
phosphorylation of αΒ-crystallin at two of 
its three phosphorylatable serines, especially 
at Ser-19 and Scr-45, or at all three serines, 
results in co-localization with SC35 
speckles. The pseudophosphorylated αΒ-
crystallin that localizes with these speckles 
is detergent-insoluble, and its localization is 
resistant to DNase ! and RNase A, indicating 
that these mutants form a stable interaction 
with one or more speckle-associated 
proteins. SC35 speckles are interchromatin 
granule clusters that contain snRNPs 
and other splicing components, and may 
function as sites for storage or recycling of 
splicing factors (220). During mitosis SC35 
33 aB-Crystallin co-localizes with FBX4 in 
SC35 speckles 
speckles dissociate, resulting mainly in a 
diffuse distribution of SC35 components 
throughout the cell Using the antibody 
that specifically recognizes aB-crystallin 
phosphorylated at Ser-45, Kato et al (131) 
observed a similar diffuse staining pattern in 
mitotic glioma cells Based on our finding 
that transfected pseudophosphorylated aB-
crystallin localizes in nuclear speckles in 
interphase cells, one would expect that this 
phospho-specific antibody should also stain 
nuclear speckles containing endogenously 
phosphorylated aB-crystallin As shown in 
fig 4, this is indeed the case 
The next question is whether the 
recruitment of FBX4 to SC35 speckles 
by pseudophosphorylated aB-crystallin 
reflects a genuine property of endogenously 
phosphorylated αΒ-crystallin, too We could 
not observe co-localization of endogenous 
FBX4 or transfected FBX4-GFP with 
nuclear speckles in any cells other than 
those expressing the phosphomimicking 
αΒ-crystallins (data not shown) A plausible 
explanation for this difference between 
transfected pseudophosphorylated and 
endogenously phosphorylated aB-crystallin 
is that the overexpressed Ser-Asp mutants 
are likely to be trapped together with 
FBX4-GFP in stable interactions within the 
speckles, while the same interactions arc 
transient for endogenously and reversibly 
phosphorylated aB-crystallin The transient 
presence of FBX4 in SC35 speckles might 
be too low for detection 
The actual function of endogenously 
phosphorylated aB-crystallin in relation 
to FBX4 and speckle proteins need not be 
localized in the SC35 speckles themselves 
aB-Crystallin is a chaperone-hke protein, 
and it is possible that the function of the 
putative interaction with one or more speckle-
specific proteins simply is to stabilize them 
during mitosis, when SC35 speckles are 
dissociated. Such a function might be related 
to the observation that in heat-stressed H9C2 
cells Hsp25 co-localizes with heat labile 
proteins in nuclear granules (31) However, 
this does not explain the involvement of 
FBX4 Since pseudophosphorylation of 
αΒ-crystallin also recruits FBX4 to the 
SC35 speckles (see fig 3c), it might be 
more likely that the combined association of 
phosphorylated αΒ-crystallin and FBX4 with 
a speckle protein results in ubiquitination 
of the latter during mitosis, targeting it for 
degradation. We have indeed previously 
demonstrated that pseudophosphorylated 
aB-crystallin together with FBX4 promotes 
the ubiquitination of one or a few specific 
proteins (58) Unfortunately, the identity 
of this ubiquitinated protein remains 
to be established However, a role for 
phosphorylated αΒ-crystallin in degradation 
of a speckle protein would be in agreement 
with the increasing evidence for an important 
function of αΒ-crystallin in the ubiquitin 
protcasome system (22,48,58,110,244) 
Such a function is also apparent from the 
desmin-related myopathy mutant aB-
crystallin R120G (113) Characteristic for 
this myopathy is the presence of cytoplasmic 
bodies containing desmin and aB-crystallin 
(38,245) 
Two other papers have recently 
reported the localization of endogenous aB-
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crystallin in SC35 speckles (238,243). In 
contrast to our findings, this localization was 
found to be phosphorylation-independent. 
Moreover, speckles were only observed 
with antisera raised against the C-terminal 
residues of aB-crystallin (238,243), and 
with the monoclonal antiserum 2D2B6 
(238). With an antiserum against the C-
terminal sequence of aB-crystallin (K.79, 
see Materials and methods) we also 
found nuclear speckles in all studied cell 
lines, transfected or not, but the 2D2B6 
monoclonal only stained speckles in cells 
transfected with pseudophosphorylation 
mutants of aB-crystallin (data not shown). 
To the best of our knowledge, aB-crystallin 
in nuclear speckles has earlier only been 
reported when using antisera against the 
C-terminal sequence (13,32,236). It has 
been claimed that this speckle staining is 
non-specific (236), as has been confirmed by 
the prominent staining of nuclear speckles 
by K.79 in lens epithelial cells of aB-
crystallin knock-out mice (see Materials and 
methods). Because of this apparent cross-
reactivity, nuclear speckles visualized with 
antibodies against the C-terminal sequence 
of aB-crystallin should be interpreted with 
caution. This means that localization of aB-
crystallin in SC35 speckles has only been 
demonstrated unambiguously in the case of 
the pseudophosphorylated mutants, stained 
with the monoclonal anti-aB-crystallin 
antibodies, and in the case of endogenously 
phosphorylated aB-crystallin, stained with 
the antiserum against phosphorylated Ser-
45. 
In summary, the present results 
indicate that phosphorylation of aB-crystallin 
induces its association with a SC35 speckle-
specific protein. The additional recruitment 
of FBX4 may stimulate the ubiquitination of 
the speckle protein. 
Experimental procedures 
Cell culture, plasmids and transfections 
HeLa cells were grown at 370C 
in Dulbecco's modified Eagle's medium 
(Invitrogen) supplemented with 10 % 
fetal calf serum (FCS) (PAA laboratories), 
100 units/ml penicillin and 200 μg/ml 
streptomycin, in the presence of 5 % CO,. 
DNA fragments encoding the 
sequence of human aB-crystallin and its 
mutants were cloned in the eukaryotic 
expression vector pIRES (Clontech). FBX4 
was cloned in the pGEX (Amersham 
Bioscienccs), pIRES and pEGFP-Cl vector 
(Clontech). More details about cloning and 
mutagenesis can be found in den Engelsman 
et al. (58). Transfections of plasmids into 
HeLa cells were performed by lipofection 
using the FuGENE™ 6 system (Roche 
Molecular Biochemicals), as described by 
the manufacturer. 
To obtain stable cell lines, T-Rex™-
HeLa cells expressing the Tet repressor 
(Invitrogen) were transfected with pcDNA4/ 
TO (Invitrogen) containing the coding 
sequences for wild type aB-crystallin, aB-
crystallin S19D/S45D/S59D or aB-crystallin 
S19A/S45A/S59A using the FuGENE™ 6 
system. As a vector control, T-Rex™-HeLa 
cells were transfected with pcDNA4/TO 
without insert. The cells were grown at 370C 
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in Minimum Essential Medium Eagle (Bio 
Whittaker Europe) supplemented with 10 
% PCS (PAA laboratories), 100 units/ml 
penicillin, 200 μg/ml streptomycin, and 
5 μg/ml blasticidine (1CN Biomedicals 
Inc.) in the presence of 5 % CO, Stable 
transfectants were selected by adding 200 
μg/ml Zeocin (Invitrogen) to the culture 
medium. Stable cell lines were grown with 
1 μg/ml doxycyclin for 3 days to induce 
overexpression. Overexpression of the 
different aB-crystallin mutants was assessed 
by indirect immunofluorescence and by 
immunoblotting, as described below. 
Immunocytochemistry 
HeLa cells were seeded on coverslips 
(18 χ 18 mm :) one day prior to transfection. 
Two days after transfection cells were 
either fixed in 3 % paraformaldehyde for 15 
minutes and permeabilized for 10 minutes in 
0.2 % Triton in PBS or first permeabilized 
in 0.2 % Triton in PBS for 1 minute and 
then fixed in 3% paraformaldehyde for 10 
minutes. For DNase I (Roche) and RNase 
A (Roche) treatment, T-Rex1M-HeLa cells 
expressing aB-crystallin S19D/S45D/S59D 
were fixed in methanol for 2 minutes at 
-20oC and treated with DNase I (400 U/ml) 
or RNase A (I mg/ml) for I hour at 370C. 
A monoclonal antibody to aB-
crystallin (RIKEN Cell Bank) was 
primarily used in these studies. For 
immunocytochemical analysis, the antibody 
was added undiluted to the fixed cells. In 
addition another monoclonal antibody to aB-
crystallin (2D2B6) (205), and a polyclonal 
peptide antibody to the N-terminal 10 
residues of aB-crystallin (NCL-ABCrys, 
Novocastra) were also used (undiluted and 
at 1:50 dilution, respectively), and gave 
the same results as the RIKEN antibody. 
We further tested a polyclonal antiserum 
(K79) to the C-terminal 13 residues of aB-
crystallin, as has been widely used in other 
studies. Because this antiserum was earlier 
suggested to give non-specific staining 
of nuclear bodies (236), we used primary 
cultures of lens epithelial cells derived from 
wild type and αΒ-/- mouse lenses (3) to 
assess the specificity of the K79 antiserum. 
Our analysis showed that this antibody 
diffusely stained the cytoplasm of wild type 
but not of αΒ-/- mouse lens epithelial cells. 
However, this antibody additionally gave 
a pronounced staining of nuclear bodies, 
not only in wild type but also in αΒ-/- lens 
epithelial cells (data not shown). We therefore 
did not use the K79 antibody further in our 
experiments. A polyclonal antibody against 
a phosphopeptide corresponding with the 
Ser-45 phosphorylation site of aB-crystallin 
(S45p) (131) was used at 1:40 dilution. 
Monoclonal antibodies to SC35 (Sigma) were 
used at 1:20 dilution, and Sm proteins were 
stained with a human autoimmune serum 
designated C45 (1:2500) (190). Secondary 
antibodies (FITC-conjugated swine anti-
rabbit, FITC-conjugated rabbit anti-human, 
FITC-conjugated rabbit anti-mouse, and 
TRITC-conjugated rabbit anti-mouse) were 
used at a 1:20 dilution according to the 
manufacturer (DAKO Corp.). Nuclei were 
stained with YOYO-1 iodide (Molecular 
Probes). Images were obtained by confocal 
laser scanning microscopy (BIO-RAD 
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MRC1024). 
Cell fractioning and immunoblotting 
HeLa cells were transfected with 1 
μg of DNA and harvested after two days 
by trypsinization. Cells were washed once 
with DMEM containing 10 % FCS, and 
twice with phosphate buffered saline. Equal 
numbers of about 106 cells were resuspended 
in 50 μΐ ice-cold lysis buffer (10 mM Tris pH 
7.5,100 mM KCl, 1 mM DTT, 1 mM EDTA, 
5 mM MgCl,, 1 mM phenylmethanesulfonyl 
fluoride, and 0.5 % Nonidet P-40) and kept 
on ice for 15 minutes. The cell extract was 
centriftiged for 15 minutes at 3,000 r.p.m. 
and 40C. The supernatant was supplemented 
with 50 μΐ of 2x SDS sample buffer (2 
% SDS, 0.125 M Tris-HCl pH 6.8, 20 % 
glycerol, 0.02 % ß-mercaptoethanol, 0.05 
% bromophenol blue) heated for 5 min at 
950C and used as the detergent-soluble 
fraction. The remaining pellet was washed 
once with 500 μΐ lysis buffer, resuspended 
in 50 μΐ lysis buffer supplemented with 
50 μΐ of 2x SDS sample buffer, heated for 
5 min at 95°C and used as the detergent-
insoluble fraction. The detergent-soluble 
and detergent-insoluble fractions were 
separated by SDS-polyacrylamide gel 
electrophoresis (PAGE) and subsequently 
blotted onto nitrocellulose membranes 
(Schleicher & Schiill). The membranes were 
successively incubated with a monoclonal 
antibody to aB-crystallin (RIKEN) and a 
horseradish peroxidase conjugated rabbit 
anti-mouse secondary antibody (DAKO 
Corp.) to allow visualization by enhanced 
chemoluminescence (Pierce Chemical Co.). 
Images were collected with the BioDoc-
It System (UVP Laboratory Products) 
and quantification was done using the 
Labworks™ software (UVP Laboratory 
Products). 
Nuclei were isolated from T-Rex 
HeLa cells stably transfected with wild type 
aB-crystallin and induced for expression 
during 3 days. Cells were harvested by 
trypsinization, washed once with EMEM 
containing 10 % FCS, and twice with 
phosphate buffered saline. The pelleted cells 
were taken up in 100 μΐ buffer (10 mM Tris-
HCl pH 7.8, 10 mM NaCl, 1 mM DTT, 2 
mM MgCl,, 1 mM phenylmethanesulfonyl 
fluoride, supplemented with a protease 
inhibitor cocktail from Roche) and 
incubated on ice for 20 minutes. NP-40 was 
then added to a final concentration of 1 % 
and incubation on ice continued for another 
10 minutes. The cell suspension was passed 
5 times through a 21-gauge needle and 
the nuclei, free of cytoplasmic capping as 
judged by light microscopy, were pelleted by 
centrifugation for 5 minutes at 1,500 rpm to 
separate them from the cytoplasmic fraction. 
The cytoplasmic fraction was collected and 
aceton precipitated. The remaining nuclei 
were washed twice with 10 mM Tris-HCl 
pH 7.4, 5 mM MgCl2 supplemented with a 
protease inhibitor cocktail. All fractions were 
taken up in 2x SDS sample buffer without β-
mercaptoethanol and bromophenol blue, and 
protein concentrations were determined with 
the BCA kit (BIO-RAD). Equal amounts 
of proteins were analyzed by SDS-PAGE 
and Western blotting with the monoclonal 
antibody to aB-crystallin (RIKEN) and the 
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polyclonal antibody to phosphorylated aB-
crystallin S45p. 
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Nuclear import of αΒ-crystallin is phosphorylation-dependent 
and hampered by hyperphosphorylation of the myopathy-related 
mutant R120G 
Phosphorylation modulates the functioning of αΒ-crystallin as a molecular 
chaperone. We here explore the role of phosphorylation in the nuclear import 
and cellular localization of αΒ-crystallin in HeLa cells. Inhibition of nuclear export 
demonstrated that phosphorylation of αΒ-crystallin is required for import into the 
nucleus. As revealed by mutant analysis, phosphorylation at Ser-59 is crucial for 
nuclear import and phosphorylation at Ser-45 is required for speckle localization. Co-
immunoprecipitation experiments suggested that the import of αΒ-crystallin is possibly 
regulated by its phosphorylation-dependent interaction with the survival motor 
neuron (SMN) protein, an important factor In snRNP nuclear import and assembly. 
This interaction was supported by colocalization of endogenous phosphorylated αΒ-
crystallin with SMN in nuclear structures. The cardiomyopathy-causing αΒ-crystallin 
mutant R120G was found to be excessively phosphorylated, which disturbed 
SMN interaction and nuclear import, and resulted in the formation of cytoplasmic 
inclusions. Like for other protein aggregation disorders, hyperphosphorylation 
appears as an important aspect of the pathogenicity of αΒ-crystallin R120G. 
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Introduction 
αΒ-crystallin, one of the most 
prominent human small heat-shock 
proteins (sHsps) (8,94,239), has its highest 
expression in eye lens and muscle cells 
(106). This molecular chaperone has 
an important role in the protection and 
modulation of the cytoskeleton (61,77,191), 
but is also involved in other processes, such 
as apoptosis (125,165), protein degradation 
(22,58,110) and Golgi reorganization (80). 
The properties of αΒ-crystallin are modulated 
by differential phosphorylation at Ser-19, 
Ser-45 and Ser-59 (78,107,112,115,126,129-
131). Phosphorylation varies during the 
cell cycle and clearly relates to the cellular 
localization of αΒ-crystallin. In mitotic cells, 
phosphorylation is enhanced at Ser-19 and 
especially at Ser-45, while phosphorylation 
at Ser-59 is reduced (131). Phosphorylation 
at Ser-59 is associated with the localization 
of αΒ-crystallin in the centrosomes of 
dividing cells (107). It has recently been 
observed that in the nucleus αΒ-crystallin 
localizes in specific nuclear structures, 
identified as SC35 speckles (56,238,243), 
in a phosphorylation-dependent manner 
(56). These nuclear speckles, also known as 
interchromatin granule clusters (IGCs), are 
thought to be sites for storage and recycling 
of splicing factors (143). 
The mutation R120G in αΒ-
crystallin is associated with a desmin-related 
myopathy (DRM), characterized by the 
presence of aggregates containing αΒ-
crystallin and desmin (245). This mutant 
causes cardiac hypertrophy and heart 
failure upon cardiac-restricted transgenic 
expression in mice (246). aB-Crystallin 
R120G has altered structural properties and 
a diminished chaperoning activity, both in 
vitro (24,140,183,233) and in vivo (38). 
The inclusion bodies in which αΒ-crystallin 
R120G accumulates upon transfection 
(38,113) and transgenesis (203) have the 
characteristics of aggresomes, cellular 
structures to sequester aggregated proteins. 
aB-Crystallin R120G might be responsible 
for aggresome formation in cardiomyocytes 
as a result of its defective chaperone activity, 
by binding tightly to the nascent contractile 
proteins, preventing correct folding and 
formation of viable sarcomeres (203). 
The deleterious effects of the 
R120G mutation might well interfere with 
the phosphorylation-dependent trafficking 
and localization of αΒ-crystallin in the 
cell. Investigating these relations may 
contribute to the insight in the normal 
cellular functioning of αΒ-crystallin and in 
the pathogenicity of the R120G mutant. In 
that context we studied the nuclear import of 
αΒ-crystallin, and explored the distribution 
of phosphorylated αΒ-crystallin during 
interphase and in dividing cells. It is shown 
here that nuclear import of αΒ-crystallin is 
phosphorylation-dependent, and might be 
regulated by its interaction with survival 
motor neuron (SMN) protein, which is 
involved in the assembly and nuclear import 
of snRNPs (171,248). Phosphorylation was 
also associated with the localization of 
αΒ-crystallin during interphase in nuclear 
splicing speckles and SMN-positive 
structures, and during cell division in mitotic 
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interchromatin granule clusters (MIGs), 
which are the mitotic counterparts of nuclear 
speckles (143) αΒ-Ciystallin R120G was 
found to be hyperphosphorylated, which 
disturbed the normal interactions with 
binding partners such as SMN and splicing 
components, resulting in impaired nuclear 
import and accumulation in cytoplasmic 
inclusions 
Results 
Nuclear import oj (xB-crystallw is 
phosphorylation-dependent 
We previously showed that 
transfected pseudophosphorylated aB-
crystallin as well as endogenous aB-
crystallin phosphorylated at Ser-45 are 
found in nuclear speckles in interphase cells 
(56) This localization suggests that nuclear 
import of aB-crystallin is phosphorylation-
dependent To corroborate this suggestion, 
we transfected HeLa cells with plasmids 
coding for wild type aB-crystallin and 
its non-phosphorylatable (S—>A) and 
pseudophosphorylated (S-»D) mutants 
After 24 hours nuclear export was inhibited 
by leptomycin B, and cells were stained for 
αΒ-crystallin (Fig 1) The most conspicuous 
effect was the complete trapping of 
pseudophosphorylated aB-crystallin in 
the nucleus upon leptomycin Β treatment 
(Fig la, Ε-F) Wild type aB-crystallin 
accumulated to a lesser extent in the nucleus 
(Fig la, Α-B), and non-phosphorylatable 
aB-crystallin hardly or not (Fig la, C-D) 
Since pseudophosphorylation readily allows 
import of aB-crystallin into the nucleus (Fig 
la, Ε-F), while non-phosphorylatabihty 
prevents it (Fig la, C-D), the import of wild 
type aB-crystallin (Fig la, Α-B) must be 
dependent on phosphorylation 
The phosphorylation-dependence 
of nuclear import was further supported 
by staining untransfected HeLa cells, with 
and without leptomycin Β treatment, for 
endogenous aB-crystallin phosphorylated 
at Ser-45 and Ser-59 (Fig lb) Inhibition 
of nuclear export clearly resulted in 
accumulation of aB-crystallin S59p in 
the nucleus (Fig lb, C-D) The nuclear 
accumulation could be confirmed by cell 
fractionation of HeLa cells showing an 
increased amount of endogenous aB-
crystallin S59p in the nuclear fraction 
upon leptomycin Β treatment (Fig 1c) No 
such effect was observed for aB-crystallin 
S45p, because its localization was already 
exclusively nuclear without inhibition of 
nuclear export (Fig 1 b, A-B) 
Phosphorylation at Ser-59 is requited foi 
nuclear import 
To further assess which serine(s) 
must be phosphorylated for nuclear import 
of aB-crystallin we transfected HeLa cells 
with plasmids coding for aB-crystallin with 
double S->A substitutions (S19A/S45A, 
S45A/S59Aand S19A/S59A) After24hours, 
nuclear export was inhibited by leptomycin 
B, and cells were stained for aB-crystallin 
(Fig Id) Only aB-crystallin S19A/S45A 
clearly accumulated in the nucleus (Fig Id, 
Α-B), whereas aB-crystallin S45A/S59A 
(Fig Id, C-D) and aB-crystalhn S19A/S59A 
(Fig Id, Ε-F) hardly did These results imply 
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Figure 1 Nuclear import of αΒ-crystallln is phosphorylation-dependent. (a) HeLa cells were transfected with expression 
constructs coding for wild type «B-crystallin (A, B), aB-crystallin S19A/S45A/S59A (C, D) or aB-crystallin S19D/S45D/ 
S59D (E, F) and treated with DMSO (- LMB; control) or leptomycin Β (+ LMB) for 20 hours. Cells were subsequently fixed, 
permeabilized and stained with the monoclonal anti-aB-crystallin antibody, (b) Untransfected HeLa cells were treated with 
DMSO (- LMB) or LMB (+ LMB) for 20 hours and subsequently fixed, permeabilized and stained with the polyclonal phospho-
specific anti-aB-crystallin S45p (A, B) and anti-aB-crystallin S59p (G, D) antibodies. These antibodies are much more sensitive 
to detect aB-crystallin in the nucleus than the monoclonal antibody (cf Fig. la A and lb A, C). (c) Untransfected HeLa cells 
were treated with DMSO (- LMB) or LMB (+ LMB) for 20 hours, harvested by trypsinization and subsequently separated in 
a cytoplasmic (cyt) and a nuclear fraction (nuc). Equal amounts of each fraction were analysed by SDS-PAGE and Western 
blot, using polyclonal antibodies against aB-crystallin S59p (upper panel), the nuclear marker lamin A (middle panel) and the 
cytoplasmic marker Prxl (bottom panel), (d) HeLa cells were transfected with expression constructs coding for aB-crystallin 
S19A/S45A (A, B), αΒ-crystallin S45A/S59A (C, D) or aB-crystallin S19A/S59A (E, F) and treated with DMSO (- LMB) or 
leptomycin Β (+ LMB) for 20 hours. Cells were subsequently fixed, permeabilized and stained with the monoclonal anti-aB-
crystallin antibody, (e) HeLa cells were transfected with expression constructs coding for aB-crystallin S45A (A, B) or aB-
crystallin S19A(C, D)and treated with DMSO (- LMB; control) or leptomycin Β (+ LMB) for 20 hours. Cells were subsequently 
fixed, permeabilized and stained with the monoclonal anti-aB-crystallin antibody. Insets show enlarged regions of the 
nucleus, (f) HeLa cells were treated as for panel e, D, and stained with the monoclonal anti-aB-crystallin antibody (A) and co-
stained with anti-Sm (B). The merged picture shows the extent of colocalization (C). (Acolour picture is available on page 114) 
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Figure 2. Increased phosphorylation of myopathy-related aB-crystallin R120G. (a) HeLa cells transfected with aB-crystallin 
R120G were treated with DMSO (- LMB) or leptomycin Β (+ LMB) for 20 hours, and subsequently fixed, permeabilized and 
stained with monoclonal anti-aB-crystallin. (b) HeLa cells were transfected with wild type uB-crystallin (WT) or aB-crystallin 
R120G (R120G) and harvested after 2 days. Equal amounts of protein were analysed on Western blot using the polyclonal 
phospho-specific anti-aB-crystallin S19p, S45p and S59p antibodies. As a loading control Western blots were stained with 
the monoclonal anti-aB-crystallin antibody (Total), (c) Protein extracts of hearts of a non-transgenic mouse (NTG) and an aB-
crystallin R120G transgenic mouse (TG-R120G) containing approximately equal amounts of aB-crystallin were analysed on 
Western blot as in panel a. The level of total aB-crystallin was approximately 5 to 7 times higher in the trangemc than in the 
non-transgenic mouse, (d) HeLa cells transfected with aB-crystallin R120G were stained with the monoclonal anti-aB-crystallin 
antibody (A, D) and co-stained with polyclonal anti-aB-crystallin S45p (B) and S59p (E) antibodies. The merged pictures show 
the extent of colocalization (C and F). (A colour picture is available on page 114) The arrow and arrowhead in Β and C indicate the 
nuclei of an untransfected and transfected cell, respectively. The insets in panels Β and E show that the staining of aggregates 
with the polyclonal antibodies against uB-crystallin S45p and S59p is specifically abolished by co-incubating the polyclonal 
antibodies with phosphorylated bovine aB-crystallin (+ a), while aggregates are visible by staining with the monoclonal antibody 
against aB-crystallin in the absence of phosphorylated bovine aB-crystallin (- a) (insets in A and D). Staining with the anti-
phospho antibodies was not abolished when co-incubated with unphosphorylated recombinant αΒ-crystallin (data not shown). 
that phosphorylation at Ser-59 is important of aB-crystallin. To test this hypothesis 
for nuclear accumulation of aB-crystallin. we transfected HeLa cells with plasmids 
coding for aB-crystallin with single S—> 
Phosphorylation at Ser-45 is required A substitutions (S19A and S45A). After 
for nuclear speckle localization 24 hours nuclear export was inhibited by 
We noticed that aB-crystallin SI9A/ leptomycin B, and cells were stained for 
S45A gave a diffuse nuclear staining and aB-crystallin (Fig. le). Cells transfected 
was hardly detectable in speckles. Since with aB-crystallin S45A revealed a nuclear 
aB-crystallin S45p is predominantly found accumulation upon leptomycin Β treatment, 
in nuclear speckles (Fig. lb) it is tempting but no speckle localization (Fig. Ie, A-B). 
to speculate that phosphorylation at Ser-45 Interestingly, cells transfected with aB-
is needed for nuclear speckle localization crystallin S19A showed besides a nuclear 
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accumulation a presence in nuclear speckles 
(Fig. le, C-D). This was confirmed by 
colocalization with Sm proteins, a marker of 
nuclear speckles (Fig. 1 f, Α-C). These results 
suggest that phosphorylation at Ser-45 is 
needed for nuclear speckle localization. 
The wild type aB-crystallin that has 
accumulated in the nucleus in Fig. la, B, 
upon leptomycin Β treatment, seems not to 
be concentrated in speckles, but is distributed 
more diffusely through the nucleoplasm. This 
suggests that the aB-crystallin trapped in the 
nucleus is predominantly phosphorylated at 
Ser-59 and less so at Ser-45, and therefore 
not detectably localized in nuclear speckles. 
Mutation R120G hampers nuclear entry 
of aB-crystallin and causes excessively 
phosphorylated cytoplasmic inclusions 
The DRM-causing mutation R120G 
has been reported to prevent the localization 
of aB-crystallin in nuclear speckles (238). 
This raises the question whether aB-
crystallin R120G can actually enter the 
nucleus. Inhibition of nuclear export in cells 
transfected with aB-crystallin R120G only 
resulted in a weak increase in nuclear staining 
(Fig. 2a, A-B), suggesting an impaired 
nuclear import as compared with wild type 
aB-crystallin (Fig. la A-B). To determine 
whether the impaired import was due to 
reduced phosphorylation, we compared the 
phosphorylation of transfected wild type and 
R120G aB-crystallin by immunoblotting of 
HeLa cell lysates with antibodies specific 
for S19p, S45p and S59p (Fig. 2b). Whereas 
wild type aB-crystallin showed no detectable 
phosphorylation at any of these sites, aB-
crystallin R120G was phosphorylated at 
Ser-45 and Ser-59. Relative to wild type, 
aB-crystallin R120G is actually not hypo-, 
but hyperphosphorylated. 
It is important to know whether 
hyperphosphorylation of aB-crystallin 
R120G also occurs in a physiologically more 
relevant situation. We therefore analyzed aB-
crystallin R120G in transgenic mouse hearts, 
where it forms dramatic inclusions leading 
to early death of the transgenic animal (246). 
Comparison of phosphorylated aB-crystallin 
in hearts of a non-transgenic mouse and 
a transgenic aB-crystallin R120G mouse 
showed some phosphorylation at Ser-19 
and Ser-59 in the non-transgenic heart, but 
pronounced phosphorylation at all three sites 
in the transgenic heart (Fig. 2c). Enhanced 
phosphorylation thus is a prominent and 
universal feature of aB-crystallin R120G. 
To localize the phosphorylated aB-
crystallin in HeLa cells transfected with 
the R120G mutant, double-staining with 
anti-aB-crystallin and anti-S45p or -S59p 
antibodies was performed (Fig. 2d). Anti-
aB-crystallin highlighted the cytoplasmic 
inclusions (Fig. 2d, A and D; also seen in 
Fig. 2a, A-B) which are characteristic for 
aB-crystallin R120G (38,113,184). These 
inclusions were prominently stained by 
both anti-phospho-antibodies (Fig. 2d, 
Β and E). The intense green color of the 
inclusions in the merged panels (Fig. 2d, 
C and F) indicates that the phosphorylated 
form of aB-crystallin R120G is enriched 
in the inclusions. The nuclear staining in 
Fig. 2d, especially clear for S45p (panel 
B), is largely due to the endogenous aB-
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Figure. 3 Cytoplasmic inclusions and insolubility of B-crystallin R120G are phosphorylation-dependent. (a) HeLa 
cells were transfected with wild type uB-crystallin and its nonphosphorylatable and pseudophosphorylated mutants (Α-C) and 
aB-crystallin R120G and corresponding mutants (D-F). After 2 days the cells were fixed and permeabilized, and aB-crystallin 
was visualized with the monoclonal antHiB-crystallin antibody, (b) HeLa cells were transfected with wild type uB-crystallin and 
the indicated mutants. A fixed number of transfected cells were separated into detergent-insoluble (ins) and detergent-soluble 
(sol) fractions, and analyzed by Western blotting using the monoclonal anti-aB-crystallin antibody, (c) HeLa cells transfected 
with expression constructs coding for wild type, R120G/S19A/S45A/S59A and R120G/S19D/S45D/S59D αΒ-crystallln were 
fractionated by centrifugation on a glycerol gradient (5-40%) and analyzed by Western blot using the monoclonal antibody 
against aB-crystallin. Arrowheads indicate the molecular masses (kDa) of marker proteins. 
crystallin, as obvious from the staining of 
adjacent untransfected cells (arrow in panel 
B). Interestingly, the nuclear S45p staining 
is clearly diminished in the transfected cells 
(arrowhead in panel B), indicating that 
endogenous aB-crystallin is retained in 
the cytoplasm by binding to the excess of 
structurally perturbed aB-crystallin R120G. 
Pseudophosphorylation enhances inclusion 
body formation, detergent-insolubility and 
complex size of aB-crystallin R120G 
The phosphorylation-dependent 
localization of aB-crystallin R120G 
was further analyzed by transfection 
of its pseudophosphorylated and non­
phosphorylatable mutants (Fig. 3a). In 
contrast to pseudophosphorylated wild type 
aB-crystallin, the pseudophosphorylated 
form of aB-crystallin RI20G was only 
weakly detected in nuclear speckles (Fig. 
3a, C and F), again showing that the 
R120G mutation impairs nuclear entry. 
Pseudophosphorylation strongly enhances 
the tendency of aB-crystallin R120G to form 
cytoplasmic aggregates (cf. Fig. 3a, D and 
F). Most importantly, in cells expressing the 
non-phosphorylatable aB-crystallin R120G 
no such cytoplasmic aggregates could be 
observed (Fig. 3a, E). These findings clearly 
demonstrate that phosphorylation is essential 
for the generation of the cytoplasmic 
inclusions. 
Western blot analysis of detergent-
insoluble and -soluble fractions of transfected 
HeLa cells (Fig. 3b) showed that aB-
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crystallin R.120G is partially in the insoluble 
fraction, whereas the pseudophosphorylated 
and non-phosphorylatable mutants are 
largely insoluble and completely soluble, 
respectively, in perfect agreement with their 
different tendencies to form inclusions. In 
the case of wild type aB-crystallin, only 
the pseudophosphorylated form is partially 
insoluble, reflecting the pronounced nuclear 
speckle formation seen in Fig. 3a, C. Also the 
complex size of pseudophosphorylated aB-
crystallin R120G in the HeLa cell extract, as 
estimated by gradient centrifugation, is much 
larger than that of its non-phosphorylatable 
homologue, which is about 650 kDa, similar 
to that of wild type aB-crystallin (Fig. 3c). 
The fact that non-phosphorylatable aB-
crystallin R120G forms no cytoplasmic 
inclusions, and has similar solubility and 
complex size as wild type aB-crystallin, 
indicates that the intracellular aggregation 
tendency of aB-crystallin R120G is not 
directly related to the R120G mutation but 
caused by excessive phosphorylation. 
aB-crystallin phosphorylated at Ser-45 and 
aB-crystallin R120G localize in mitotic 
interchromatin granules 
The finding that the mutant R120G 
displays enhanced phosphorylation, thereby 
hampering nuclear entry and speckle 
localization of aB-crystallin, makes it 
of interest to compare the localization of 
wild type and R120G aB-crystallin during 
mitosis, during which phosphorylation at 
Ser-19 and Ser-45 is increased (131). The 
subcellular localizations of aB-crystallin 
during metaphase in HeLa cells transfected 
with wild type and R120G aB-crystallin 
and their non-phosphorylatable and 
pseudophosphorylated mutants are shown 
in Fig. 4a. Pseudophosphorylated wild type 
and R120G aB-crystallin (panels G and P), 
but also aB-crystallin R120G itself (panel 
J), displayed a pronounced concentration 
in mitotic structures which are reminiscent 
of mitotic interchromatin granule clusters 
(MIGs). MIGs are formed by components 
of the nuclear speckles which redistribute 
during the cell cycle (143,146). Double 
immunofluorescence staining showed that 
in these mitotic structures aB-crystallin 
colocalized with Sm protein (Fig. 4a, panels 
G-I, J-L, P-R), which is a characteristic 
component of MIGs (146). Sm-stained MIGs 
were also observed in cells expressing wild 
type or non-phosphorylatable aB-crystallin, 
but not colocalizing with aB-crystallin (Fig. 
4a, Α-F). Interestingly, MIGs appeared less 
numerous and larger upon overexpression 
of pseudophosphorylated aB-crystallin 
(Fig. 4a, G-I), but also in the case of aB-
crystallin R120G (Fig. 4a, J-L) and its 
pseudophosphorylated form (Fig. 4a, P-R). 
The fact that both pseudophosphorylation 
and the mutation R120G, now known to be 
hyperphosphorylated, interfere with proper 
MIG formation suggests that the normal 
interaction of aB-crystallin with MIG 
components is phosphorylation-dependent. 
The possible phosphorylation-
dependent localization of aB-crystallin 
in MIGs was assessed by localizing 
endogenous phosphorylated aB-crystallin 
in untransfected mitotic cells by indirect 
immunofluorescence, using the highly 
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3, sensitive anti-S45p and -S59p antibodies 
(Fig. 4b). Co-staining with anti-SC35, 
another marker of MIGs (70), clearly 
revealed colocalization of aB-crystallin 
S45p in MIGs in metaphase cells (Fig. 4b, 
Α-C). In contrast, aB-crystallin S59p did 
not colocalize with MIGs, but appeared to 
be located in the centrosome, as observed 
before (107) (Fig. 4b, D-F). It thus appears 
that phosphorylation at Ser-45 is an essential 
parameter for the localization of aB-
crystallin during the cell cycle: in nuclear 
speckles during interphase (56) (Fig. lb. A) 
and in MIGs during mitosis. 
The snRNP-specific import factor SMN 
is involved in the nuclear import of 
phosphorylated aB-crystallin 
The phosphorylation-dependent 
nuclear entry and cell cycling of aB-crystallin 
raises the question which interacting 
proteins might be involved. While analyzing 
the colocalization of aB-crystallin and Sm 
proteins in mitotic cells (Fig. 4a) we noticed 
in the corresponding interphase cells that 
non-phosphorylatable aB-crystallin strongly 
increased the cytoplasmic staining of Sm 
proteins (Fig. 5a, G-I). Overexpression of 
wild type aB-crystallin led to a lesser 
cytoplasmic accumulation of Sm (Fig. 5a, 
D-F; compare untransfected with transfected 
cells in panel E), while Sm staining was 
exclusively nuclear in cells transfected with 
Figure 4 αΒ-Crystallin phosphorylated at Ser-45 and aB-crystallin R120G localize in mitotic interchromatin 
granules, (a) HeLa cells were transfected with wild type and R120G aB-crystallin and their nonphosphorylatable and 
pseudophosphorylated mutants as indicated. After 2 days the cells were fixed, permeabilized, stained with the monoclonal 
anti-aB-crystallin antibody (left row of panels) and co-stained with anti-Sm (middle row). The yellow pseudo-colour shows the 
extent of colocalization (right row) Cells were examined at metaphase. (b) Untransfected HeLa cells were stained with the 
polyclonal anti-aB-crystallin S45p (A) and S59p (D) antibodies recognizing endogenous phosphorylated aB-crystallin, and 
co-stained with anti-SC35 (B, E). The merged pictures show the extent of colocalization (C, F). Cells are at metaphase. (A 
colour picture is available on page 115) 
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Figure 5 Interaction of aB-crystallin with SMN protein, (a) HeLa cells were transfected with the empty vector pIRES 
(Α-C), wild type aB-crystallin (D-F) or its nonphosphorylatable mutant (G-l). After 2 days the cells were fixed, permeabilized 
and stained with monoclonal anti-aB-crystallin (A, D, G), co-stained with anti-Sm (B, E, H), and examined at interphase, 
(b) Co-immunoprecipitation of aB-crystallin with SMN from lysates of HeLa cells transfected with the empty pIRES vector, 
non-phosphorylatable and pseudophosphorylated aB-crystallin. SMN was immunoprecipitated using a monoclonal anti-
SMN antibody coupled to protein G-agarose beads. Immunoprecipitates were analyzed on Western blots by staining 
with a polyclonal antibody against αΒ-crystallin. (c) aB-crystallin was immunoprecipitated using a monoclonal anti-aB-
crystallin antibody coupled to protein G-agarose beads. Immunoprecipitates were analyzed on Western blots by staining 
with a polyclonal antibody against SMN. (d) Co-immunoprecipitation of aB-crystallin R120G with SMN. HeLa cells were 
transfected with the empty vector pIRES, wild type aB-crystallin, aB-crystallin R120G and its non-phosphorylatable form. 
Co-immunoprecipitation with SMN and staining as for panel b. (e) Control co-immunoprecipitation of aB-crystallin R120G 
with SC35. HeLa cells were transfected with the empty vector pIRES or aB-crystallin R120G. SC35 was immunoprecipitated 
using a monoclonal anti-SC35 antibody coupled to protein G-agarose beads. Immunoprecipitates were analyzed on Western 
blots by staining with a polyclonal antibody against aB-crystallin and a monoclonal antibody against SC35. (f) Untransfected 
HeLa cells were stained with polyclonal anti-aB-crystallin S45p (A) and S59p (D), recognizing endogenous phosphorylated 
aB-crystallin, and co-stained with anti-SMN (B, E). Arrows indicate colocalization, as also shown in the merged pictures (C, 
F). Cells were examined at interphase, (g) HeLa cells were transfected with aB-crystallin R120G. After 2 days the cells were 
fixed, permeabilized, stained with the polyclonal anti-aB-crystallin S59p (A and D), and co-stained with anti-SMN or anti-SC35 
(B and E). The merged picture shows the extent of colocalization (C and F). (A colour picture is available on page 115) 
an empty vector (Fig. 5a, Α-C). mutant cannot be imported into the nucleus 
These observations suggest that the (Fig. la, C-D) it might have a dominant 
nuclear import of Sm proteins is affected negative effect on Sm import by binding to 
by the presence of especially the non- nuclear import factors which are common 
phosphorylatable aB-crystallin. Since this for both proteins. So aB-crystallin might 
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partially use a similar import route as Sm 
proteins Sm proteins are imported into 
the nucleus as almost fully assembled 
snRNP complexes (252) An essential 
factor for snRNP import is the survival 
motor neuron (SMN) protein (171) Since 
aB-crystallin does not detectably interact 
with Sm proteins (data not shown), wc 
wondered whether aB-crystallin is able to 
interact with the SMN protein, possibly in 
a phosphorylation-dependcnt manner As 
shown in Fig 5b and c, this is indeed the 
case, pseudophosphorylated aB-crystallin 
could readily be co-immunoprecipitated 
with SMN, in contrast to non-
phosphorylatable aB-crystallin, and SMN 
could specifically be co-immunoprecipitated 
with pseudophosphorylated aB-crystallin 
If phosphorylation of aB-crystallin is 
important for interaction with SMN, 
the hyperphosphorylated aB-crystallin 
R120G might be expected to interact much 
stronger than wild type αΒ-crystallin This 
assumption is again fully supported by the 
co-immunoprecipitation results in Fig 5d, 
which also show that non-phosphorylatable 
aB-crystallin R120G does not interact with 
SMN, as should be expected To show that 
soluble aB-crystallin R120G does not bind 
non-specifically to SMN we also performed 
a co-immunoprecipitation with the splicing 
factor SC35 As can be seen in Fig 5e, SC35 
could be precipitated, while aB-crystallin 
R120G was not detectable 
The phosphorylation-dependent 
interaction of aB-crystallin and SMN is 
evident from immunocytochemical analyses, 
too We co-stamed non-transfected cells for 
endogenous phosphorylated aB-crystallin 
and SMN (Fig 5f) Part of the S45p and 
S59p staining perfectly colocalized with 
conspicuous SMN-positive nuclear bodies 
(arrows in Fig 5f) These nuclear structures 
enriched with SMN, called Gems and Cajal 
bodies (149), have been reported for HeLa 
cells (163) Since aB-crystallin R120G 
strongly interacts with SMN (Fig 5d) it is 
no surprise that SMN colocalized with the 
phosphorylated cytoplasmic inclusions in 
cells transfectcd with aB-crystallin R120G 
(Fig 5g, Α-C) The SC35 control antibody 
does not stain cytoplasmic aggregates (Fig 
5g D-F), indicating that SMN localization of 
the cytoplasmic inclusions is specific 
Discussion 
Phosphorylation of aB-crystallin 
occurs differentially at serines 19, 45 and 
59, depending on cell cycle and cellular 
status (115,131) and has an important 
effect on the functioning of the protein in 
apoptosis (165) Here we show that the 
phosphorylation of αΒ-crystallin affects 
its subcellular localization Both S45p and 
S59p are associated with SMN in nuclear 
structures called Gems and Cajal bodies 
(Fig 5f), while S45p also specifically occurs 
in nuclear speckles (Fig lb, A) and in MIGs 
(Fig 4b), their analogous mitotic structures 
Gems and Cajal bodies have related functions 
and play a role in snRNP biogenesis and 
their trafficking in the nucleus (216), while 
nuclear speckles have an important function 
as storage sites for pre-mRNA splicing 
factors (143,220) Our findings imply 
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Figure 6. Putative model of nuclear Import of uB-
crystallln. Upon phosphorylation at Ser-59, aB-crystallm 
is imported into the interphase nucleus, possibly mediated 
by phosphorylalion-dependenl inleraclion with the SMN-
complex. This process is disturbed by the R120G mutation 
which causes hyperphosphorylation and subsequent 
aggregation of αΒ-crystallin. After entry into the nucleus 
phosphorylation at Ser-45 is required for localization of αΒ-
crystallin in nuclear speckles. Release from nuclear speckles 
could simply be caused by dephosphorylation at Ser-45, but 
also other processes may play a role. 
completely novel roles for αΒ-crystallin, but 
why its differentially phosphorylated forms 
localize with these specific structures is not 
clear at the moment. 
In interphase cells αΒ-crystallin 
is imported into the nucleus in a multi-
step process (see Fig. 6). We demonstrate 
here for the first time that this import is 
dependent on the phosphorylation of Ser-
59, while phosphorylation at Ser-45 is 
important for nuclear speckle localization 
(Fig. 1). However, the nuclear import of 
the myopathy-related αΒ-crystallin R120G 
is hampered in spite of (or because of) 
its abundant phosphorylation (Fig. 2). 
The excessive phosphorylation of αΒ-
crystallin R120G results in the formation 
of cytoplasmic inclusions (Fig. 3), and 
affects the localization of nuclear speckle 
components during the cell cycle (Fig. 4a, 
J-K). Our data (Fig. 5) may suggest that the 
nuclear import of αΒ-crystallin requires a 
phosphorylation-dependent interaction with 
the SMN protein, which is disturbed in the 
case of the R120G mutant, contributing to 
the formation of the cytoplasmic aggregates. 
Besides SMN also other factors might be 
needed or competing for nuclear import 
of αΒ-crystallin, and their interactions 
could likewise be hampered by the R120G 
mutation. 
Our findings lead us to propose 
the following scenario for the role of 
phosphorylation in the nuclear import and 
functioning of αΒ-crystallin, and for the 
way in which this process is frustrated 
by the R120G mutant, resulting in 
hyperphosphorylatedcytoplasmic inclusions. 
Although phosphorylation decreases the 
complex size of αΒ-crystallin from around 
500 kDa to 100 kDa (112), this still is too 
large to allow unassisted nuclear entrance. 
aB-Crystallin does not contain a classical 
nuclear localization signal, and we therefore 
must assume that phosphorylation induces 
interaction with a specialized nuclear import 
factor. Since pseudophosphorylated αΒ-
crystallin interacts with the SMN complex 
(cf. Fig. 5b and c), a complex involved in 
the nuclear import (171) and biogenesis 
of snRNPs (160,248), it is likely that αΒ-
crystallin uses a similar nuclear import 
route as snRNPs and is possibly involved 
in snRNP biogenesis. Such a role for αΒ-
crystallin in snRNP import and biogenesis is 
supported by the finding that overexpression 
of αΒ-crystallin or its non-phosphorylatable 
mutant (Fig. 5a) alters the localization of Sm 
proteins. 
Although αΒ-crystallin R120G can 
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readily be phosphorylated and associate 
with SMN (Figs 2 and 5d, g), its import 
into the nucleus appears to be impaired 
(Fig 2a) Impaired nuclear import of aB-
crystallin R120G has also been shown 
by van den Ussel et al (238) Whether 
the reduced presence of aB-crystallin 
R120G in the nucleus also contributes to 
the development of the myopathy remains 
to be established aB-crystallin R120G 
has an enhanced tendency to associate and 
aggregate with substrate proteins (184,233), 
which is likely to interfere with the proper 
transient interactions required for nuclear 
import of aB-crystallin Nevertheless, 
just like wild type αΒ-crystallin, the 
R120G mutant localizes in MIGs in a 
phosphorylation-dependent manner (Fig 
4a, J-R), indicating that it is still capable of 
having in situ interactions. However, similar 
to pseudophosphorylated aB-crystallin, 
MIGs containing aB-crystallin R120G are 
fewer and larger than in the case of wild type 
aB-crystallin, suggesting that the normal 
reversible interactions of aB-crystallin with 
MIG proteins are disturbed by the RI20G 
or phosphomimicking mutations Such a 
functional disturbance is in agreement with 
the fact that both aB-crystallin R120G 
(24,140,183,233) and pseudophosphorylated 
aB-crystalhn (6,112) have perturbed 
structures and deviating interactions with 
substrate proteins The adverse effects 
of aB-crystallin R120G are, however, 
much more severe, becoming trapped in 
cytoplasmic inclusions which in turn hamper 
nuclear import 
Thegreatlyenhancedphosphorylation 
ofaB-crystallinR120Gisan important novel 
observation and could relate to its increased 
tendency to aggregate. The abnormal protein 
folding within aggregates might inflict a 
stress situation, resulting in the activation of 
kinases able to phosphorylate aB-crystallin, 
such as p44/42 MAP kinase and MAPKAP 
kinase-2 (131), while hyperphosphorylation 
may in turn enhance aggregation However, 
the excessive phosphorylation might also 
be a consequence of the impaired nuclear 
import of aB-crystalhn R120G, preventing 
contact with any nuclear-localized 
phosphatases The fact that in interphase 
cells aB-crystallm phosphorylated at Ser-
45 could only be detected in the nucleus 
and not in the cytoplasm (cf Fig lb, A and 
B) indeed suggests that Ser-45 becomes 
dephosphorylated in the nucleus before 
its export to the cytoplasm Enhanced 
phosphorylation and impairment of nuclear 
entry may thus be mutually reinforcing 
processes 
It now becomes clear that 
phosphorylation is not only important for 
specific cellular functions of aB-crystallin, 
but also plays a major role in the pathogenesis 
of the desmin-related myopathy (DRM) 
caused by the mutation R120G (172,245), 
also referred to as aB-crystallinopathy 
(83) In forms of DRMs caused by desmin 
mutations, the desmin is abnormally 
phosphorylated Phosphorylated desmin 
represents the non-filamentous form, and 
abnormal phosphorylation may compromise 
desmin filament formation (34,192) It can be 
envisaged that the affinity of aB-crystallin 
for desmin is regulated by phosphorylation 
of both proteins The m vitro affinity of 
aB-crystallin R120G for desmin is already 
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high (183,184) and in combination with 
hyperphosphorylation dissociation of bound 
desmin might be strongly reduced, thereby 
stimulating aggregate formation. Similarly, 
in Alzheimer's brains phosphorylated 
aB-crystallin is also accumulated in the 
insoluble fraction (129), and aB-crystallin 
is prominently associated with ubiquitinated 
tau-positive inclusion bodies (84). 
Hyperphosphorylation thus appears as an 
intriguing recurrent theme, and possibly as 
an aggravating factor, in protein aggregation 
disorders in which sHsps are involved. 
Experimental procedures 
Cell culture, plasmids and tramfections 
HeLa cells were grown at 370C 
in Dulbecco's modified Eagle's medium 
(DMEM; Invitrogen) supplemented 
with 10% fetal calf serum (PCS; PAA 
laboratories), 100 units/ml penicillin and 200 
μg/ml streptomycin, in the presence of 5% 
C 0 2 . The construction of DNA fragments 
encoding the sequence of aB-crystallin wild 
type, S19A/S45A, S19A/S45A/S59A, S19D/ 
S45D/S59D and R120G has been described 
elsewhere (56,58). DNA fragments encoding 
the sequence of aB-crystallin S19A, S45A, 
S19A/S59A, and S45A/S59A were cloned 
in the eukaryotic expression vector pIRES 
(Clontech). aB-crystallin R120G/S19A/ 
S45A/S59A and R120G/S19D/S45D/ 
S59D were generated from aB-crystallin 
S19A/S45A/S59A and S19D/S45D/S59D, 
respectively, in the pcDNA4/TO vector 
(Invitrogen) (56) by introducing the R120G 
mutation by site-directed mutagenesis 
(Stratagene). Transfections of plasmids into 
HeLa cells were performed by lipofection 
using the FuGENE™ 6 system (Roche 
Molecular Biochemicals), as described by 
the manufacturer. 
Immunocytochemistry 
HeLa cells (1 χ IO6) were seeded 
on coverslips (18 χ 18 mm2) one day prior 
to transfection with 1 μg of the appropriate 
DNA. Two days after transfection cells 
were fixed in 3% paraformaldehyde for 15 
minutes and permeabilized for 10 minutes 
in 0.2% Triton in phosphate-buffered saline 
(PBS). Monoclonal antibodies to SMN 
(1B10), SC35 (Sigma) and aB-crystallin 
(RIKEN Cell Bank) were used at 1:500, 1: 
100 and undiluted, respectively. Antibodies 
against aB-crystallin phosphorylated at Ser-
45 and Ser-59 (p45S and p59S; ((132)) were 
both used at a 1:40 dilution; the available 
antibody against pl9S (132) was unsuitable 
for immunohistochemistry. Sm proteins 
were stained with a human autoimmune 
serum designated C45 (1:2,500) (190). 
FITC-conjugated swine anti-rabbit, rabbit 
anti-human and rabbit anti-mouse, and 
TRITC-conjugated rabbit anti-mouse 
secondary antibodies were used at a 1: 
20 dilution according to the manufacturer 
(DAKO Corp.). CRM1-dependent nuclear 
export was inhibited by treating cells with 
20 ng/ml leptomycin Β (Sigma) for 20 
hours. All images were obtained by confocal 
laser scanning microscopy (BIO-RAD 
MRC1024). 
Cell fractioning and immunoblotting 
To obtain detergent-soluble and -
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insoluble protein fractions, HcLa cells (1 
χ IO6) were transfected with 1 μg of the 
appropriate DNA and harvested after two 
days by trypsinization. Cells were washed 
once with DMEM containing 10% PCS, 
and twice with PBS. About 10'' cells were 
resuspended in 50 μΐ ice-cold lysis buffer 
(10 mM Tris-HCl pH 7.5, 100 mM KCl, 1 
mM DTT, 1 mM EDTA, 5 mM MgCl,, 1 
mM phenylmethanesulfonyl fluoride, and 
0.5% Nonidet P-40) and kept on ice for 15 
minutes. The cell extract was centrifuged 
for 15 minutes at 3,000 r.p.m. and 40C. The 
supernatant was supplemented with 50 μΐ of 
2x SDS sample buffer (2% SDS, 0.125 M 
Tris-HCl pH 6.8, 20% glycerol, 0.02% β-
mercaptoethanol, 0.05% bromophenol blue) 
heated for 5 min at 950C and used as the 
detergent-soluble fraction. The remaining 
pellet was washed once with 500 μΐ lysis 
buffer, resuspended in 50 μΐ lysis buffer 
and 50 μΐ of 2x SDS sample buffer, heated 
for 5 min at 95°C and used as the detergent-
insoluble fraction. The detergent-soluble and 
-insoluble fractions were separated by SDS-
polyacrylamide gel electrophoresis (PAGE). 
Nuclear and cytoplasmic fractions 
were isolated from HeLa cells, either non-
treated or treated with leptomycin B. Cells 
were harvested by trypsinization, washed 
once with DMEM containing 10% PCS, 
and twice with PBS. The pelleted cells 
were taken up in 100 μΐ buffer 1 (10 mM 
Hepes pH 8.0, 10 mM KCl, 1 mM DTT, 
1.5 mM MgCl, and supplemented with a 
protease inhibitor cocktail from Roche) and 
incubated on ice for 20 minutes. The cell 
suspension was passed 5 times through a 21-
gauge needle and the nuclei were pelleted by 
centrifugation for 5 minutes at 1,500 rpm to 
separate them from the cytoplasmic fraction. 
The cytoplasmic fraction was collected, and 
the remaining nuclei were washed twice 
with buffer 1. All fractions were taken 
up in 2x SDS sample buffer without ß-
mercaptoethanol and bromophenol blue, and 
protein concentrations were determined with 
the BCA kit (BIO-RAD). Equal amounts of 
proteins were analyzed by SDS-PAGE and 
Western blotting. 
For analysis of phosphorylated 
αΒ-crystallin, HeLa cells (1 χ IO6) were 
transfected with 1 μg of wild type or R120G 
αΒ-crystallin cDNA. Cells were harvested 
and washed as above, lyscd in 2x SDS 
sample buffer, without 2-mercaptoethanol 
and bromophenol blue, and heated for 5 
minutes at 95°C. Protein concentrations 
were determined using the BCA kit, and 30 
μg of total protein was brought into 20 μΐ 
2x SDS sample buffer, heated for 5 minutes 
at 95°C and separated by SDS-PAGE. To 
analyse phosphorylated αΒ-crystallin in 
hearts of non-transgenic and transgenic 
αΒ-crystallin R120G mice (described in 
(246)), approximately 30 mg of heart tissue 
of 4 months old animals was lysed by 
homogenization in 300 μΐ 2x SDS sample 
buffer, without 2-mercaptoethanol and 
bromophenol blue and heated for 15 minutes 
at 950C. Insoluble material was removed 
by centrifugation at 13,000 r.p.m. for 30 
minutes at 4°C, and protein concentrations 
determined with the BCA kit. Cell extracts 
containing approximately equal amounts 
of αΒ-crystallin were separated by SDS-
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PAGE. 
After SDS-PAGE, the separated 
proteins were blotted onto nitrocellulose 
membranes (Schleicher & Schuil). The 
membranes were incubated with the 
monoclonal antibody to aB-crystallin 
(RIKEN) or the polyclonal antibodies 
against phosphorylated aB-crystallin (pl9S, 
p45S, p59S; (132)), SMN (Santa Cruz), 
lamin A (Santa Cruz) and peroxiredoxin 
1 (Prxl) (Alexis). The primary antibodies 
were detected with horseradish peroxidase 
conjugated rabbit anti-mouse and 
horseradish peroxidase conjugated swine 
anti-rabbit secondary antibodies (DAKO 
Corp.), respectively, to allow visualization 
by enhanced chemoluminescence (Pierce 
Chemical Co.). 
Immunoprecipitations 
For co-immunoprecipitations, HeLa 
cells (1 χ IO6) were transfected with 1 μg of 
the appropriate DNA. Cells were harvested 
and washed as above, and suspended in 
1 ml lysis buffer (50 mM Tris-HCl pH 
7.5, 100 mM NaCl, and 0.5% Nonidet P-
40) at 40C. Cell lysates were cleared by 
centrifugation at 13.000 rpm for 30 minutes 
at 40C and subsequently incubated with 
protein G-agarose beads (Roche Molecular 
Biochemicals) coupled to the appropriate 
antibodies. After incubation at 4°C, beads 
were washed three times with buffer (50 mM 
Tris-HCl pH 7.5, 100 mM NaCl, and 0.05% 
Nonidet P-40) and analyzed on Western 
blot. 
Glycerol gradient centrifugation 
For sedimentation analysis, HeLa cells (7.5 
χ 106)were transfected with 7.5 μg of DNA. 
Cells were harvested and washed as above, 
and suspended in 750 μΐ lysis buffer (50 
mM Tris-HCl pH 7.5, 50 mM NaCl, and 
0.5% Nonidet P-40). The cell extracts were 
kept on ice for 15 minutes and centri fuged 
for 15 minutes at 3,000 r.p.m. and 40C prior 
to application on top of 5-40% glycerol 
gradients in lysis buffer, generated in 12-
ml tubes with the Gradient Master (Bio-
Comp). The gradients were centrifuged in 
a Sorval Discovery 100 ultracentrifuge with 
a Th 641 rotor at 40,000 r.p.m. for 16 hrs at 
4°C. After centrifugation, 0.5 ml fractions 
were collected and 40 μΐ of each fraction 
was analyzed by SDS-PAGE and Western 
blotting. The molecular mass standards 
were albumin (66 kDa), aldolase (158 kDa), 
catalase (232 kDa) and thyroglobulin (669 
kDa). 
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The small heat-shock protein αΒ-crystallìn induces vimentin 
degradation by activating calpain 
Expression of the small heat-shock protein aB-crystallin is induced to high levels 
during myogenic differentiation and in response to various stress conditions. To gain 
insight in the effect of increased expression of aB-crystallin we performed differential 
proteomic analyses on T-rex-HeLa cells with inducible expression of aB-crystallin. 
Two-dimensional gel electrophoresis and subsequent MALDI-TOF mass spectrometry 
led to the identification of seven differentially regulated proteins, of which three belong 
to the intermediate filament family (vimentin, cytokeratin 8 and lamin A), suggesting 
an important role for aB-crystallin in cytoskeletal reorganization. Surprisingly, we 
observed extensive degradation of vimentin, which was most pronounced after 24 
hours of aB-crystallin induction. The αΒ-crystallin-mediated vimentin degradation 
likewise occurred during myogenic differentiation of mouse C2 cells, and might 
also be reflected by an increased vimentin content in heart tissues of aB-crystallin 
knock-out mice. The process appeared to be independent of the phosphorylation 
status of aB-crystallin, and aB-crystallin R120G - a mutant that co-segregates with 
a desmin-related myopathy - lacked the vimentin-degrading effect. We found that 
vimentin degradation was caused by calpains, and that expression of aB-crystallin 
increased calpain activity, by increasing the cytosolic calcium concentration. This 
study describes a fundamental new role for aB-crystallin in mediating calpain activity 
by influencing calcium homeostasis. These findings could be significant for elucidating 
the role of aB-crystallin in cellular differentiation, and under stressful and pathological 
conditions. 
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Introduction 
αΒ-Crystallin is one of the most 
prominent mammalian small heat-shock 
proteins (sHsps) (8,105,239). It is present 
in many cell types, but highest expression 
is found in eye lens and muscle cells 
(106). Since its identification as a sHsp, 
different functions have been ascribed 
to aB-crystallin. The protein is regarded 
as a molecular chaperone having in vitro 
chaperone-like activity (103), which is 
reduced upon its phosphorylation (112). 
In vivo, aB-crystallin confers resistance 
to different kinds of stress (138). It is 
able to inhibit apoptosis by preventing the 
activation of procaspase 3 (125), for which 
phosphorylation of Ser-59 is essential 
(165). αΒ-Crystallin likely has an important 
role in regulating cytoskeletal dynamics 
(154) and in protecting the cytoskeleton 
during stress (60). It can interact in a 
phosphorylation-independent manner with 
type III intermediate filaments, in this way 
modulating the assembly of these filaments 
(61). This function can probably be related 
to the fact that aB-crystallin mutations cause 
myofibrillar myopathies (208,245). Recent 
research indicates the involvement of aB-
crystallin in the ubiquitin proteasome system 
(UPS) (58), and in the aggresomal response 
to misfolded proteins in degenerative neuro-
and myopathies (97). A major feature of aB-
crystallin is its upregulation in response to 
stress (138). Upregulation of aB-crystallin 
also occurs during in vitro myogenic and 
adipogenic differentiation (55,111), and is 
observed in several neurological disorders, 
like Alzheimer's (152) and Parkinson's 
disease (117), as well as in metastasizing 
breast cancer cells (39,44). 
Although aB-crystallin is implicated 
in a variety of cellular and pathological 
processes, the underlying mechanisms 
remain largely elusive. To increase our 
understanding of the functions of aB-
crystallin, we examined the effects of 
induced overexpression of aB-crystallin in 
a HeLa cell line, using a proteomics-based 
approach. We observed that expression of 
aB-crystallin induced significant changes 
in the cellular proteome. Most intriguingly, 
it enhanced the degradation of vimentin 
in a dose-dependent manner. This was a 
reversible and phosphorylation-independent 
process, which was impaired by the R120G 
mutation in aB-crystallin. Interestingly, we 
could determine that during the early stages 
of myogenic differentiation of mouse C2 
cells vimentin is also degraded in conjunction 
with increased expression of aB-crystallin. 
Using RNAi and knock-out mice we could 
confirm that aB-crystallin expression is 
related to vimentin degradation. We further 
determined that aB-crystallin expression 
temporarily increased calpain activity, which 
is responsible for the observed vimentin 
degradation. Additionally, we showed that 
upon aB-crystallin expression the Ca24 
content in the ER is decreased and vimentin 
degradation could be prevented by chelating 
Ca2", indicating the involvement of calcium 
in the process. Our data show that aB-
crystallin mediates vimentin degradation in 
physiological systems by regulating calcium 
concentrations, which in tum regulates 
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calpain activity. 
Results 
Proteomic analysis of aB-crystallin-
overexpressing T-Rex-HeLa cells 
To investigate the effect of aB-
crystallin induction on the cellular proteome 
we used T-Rex-HeLa cells stably transfected 
with the coding sequence for aB-crystallin. 
The cells were grown in the presence of 
doxycyclin for 24 hours to induce expression 
of aB-crystallin, using T-Rex-HeLa cells 
with the empty vector as a control. From 
each cell line, samples of total cell lysates 
were analyzed by 2D-electrophoresis 
(Fig. 1A). Scanned gel images of control 
and aB-crystallin-expressing cells were 
compared and differential expression was 
found for seven valid protein spots among 
the approximately 200 detected ones. Four 
of them were found to be downregulated and 
three upregulated. Differentially expressed 
protein spots were excised from the gel and 
identified by peptide mass fingerprinting. 
The downregulated proteins were identified 
as vimentin, endoplasmic reticulum protein 
p57 (ERp57), heat shock protein 70 (Hsp70) 
and cytokeratin 8. Upregulated proteins were 
peroxiredoxin-1 (Prxl), CapZ a l subunit 
and a faster migrating form of vimentin. 
Proteomic analysis of the detergent-insoluble 
fraction of aB-crystallin-overexpressing T-
Rex HeLa cells 
aB-crystallin wild type is mainly 
found in the detergent-soluble fraction, but 
a signification portion can also interact with 
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Figure 1. Changes in the T-Rex-HeLa cell proteome 
upon induction of aB-crystallin expression. (A) Five 
two-dimensional gels each of control (pcDNA) and aB-
crystallln-expresslng (aB) total cell lysates were analyzed 
with PDQuest software for differential protein expression at 
the 98% confidence level. Differentially expressed proteins 
are displayed as enlarged gel images (left panels). Their 
average quantities (right panels) were determined, with 
error bars representing the standard error of the mean. 
Differentially expressed proteins, identified by peptide mass 
fingerprinting, include vimentin, peroxiredoxln-1 (Prx1), 
endoplasmic reticulum protein p57 (ERp57), cytokeratin 8 
(CK8), heat shock protein 70 (Hsp70) and CapZ a l subunlt. 
(B) Three two-dimensional gels of the detergent-insoluble 
fractions of control (pcDNA) and aB-crystallln-expressing 
(aB) T-Rex HeLa cells were analyzed as above. Lamln A was 
Identified as differentially expressed protein In three separate 
spots (I, left; m, middle; r, right) on the displayed enlarged gel 
images (left panel). The average quantities are given in the 
right panel. 
detergent-insoluble components (132,235). 
Moreover, we have recently reported that 
the interaction of aB-crystallin with a 
soluble protein can lead to translocation of 
the latter to the detergent-insoluble fraction 
(58). We therefore investigated whether 
aB-crystallin induction had any effects on 
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Figure 2 Confirmation of differentially regulated proteins 
by Western blot analysis. (A) T-Rex-HeLa cells were 
induced for expression of wild type αΒ-crystallin and after 24 
hours cells were harvested by trypsinization. Equal amounts 
of total protein from T-Rex-HeLa cells expressing either the 
empty vector (pcDNA) or wild type aB-crystallin (aB) were 
analyzed by Western blotting using monoclonal antibodies 
against vimentin, cytokeratin 8, aB-crystallin and ß-actin 
(loading control). (B) Equal amounts of protein from the 
corresponding detergent-insoluble fractions were analyzed 
by Western blotting using monoclonal antibodies against 
lamin A, lamin C (loading control) and uB-crystallin. 
proteins in the detergent-insoluble fraction. 
The detergent-insoluble fractions of control 
and aB-crystallin-expressing cells were 
compared by 2D-electrophoresis, and a 
decrease in intensity was found for three 
spots, all identified as isoforms of lamin 
A/C (Fig. IB). Lamin A differs from lamin 
C in having a C-terminal extension. Since 
these three spots have apparent masses 
of approximately 65 kDa, they probably 
correspond to lamin A. Spots with masses 
of 60 kDa were also identified as isoforms 
of lamin A/C, and most likely correspond to 
lamin C. 
Western blot analysis of down-regulated 
cytoskeletal proteins 
Although aB-crystallin is known to 
be involved in the modulation of cytoskeletal 
structures, it was surprising to find that three 
intermediate filament proteins (vimentin, 
cytokeratin 8 and lamin A) were down-
regulated by the induction of aB-crystallin. 
To confirm this result, equal amounts of 
total cell lysates and detergent-insoluble 
fractions of aB-crystallin-expressing and 
control cells were separated by ID SDS-
PAGE and analyzed by Western blotting. In 
the total lysates of aB-crystallin-expressing 
cells, decreased levels were indeed detected 
for vimentin and cytokeratin 8, as well as 
the degradation products of vimentin (Fig. 
2A). Western blot analysis of the detergent-
insoluble fractions confirmed the decreased 
level of lamin A, whereas the amount of lamin 
C was unchanged (Fig. 2B). As expected, 
aB-crystallin could also be detected in the 
detergent-insoluble fraction. To rule out 
possible cloning artefacts, we also analyzed 
total cell lysates and detergent-insoluble 
fractions of two other T-Rex-HeLa cell 
lines expressing aB-crystallin, and found a 
similar decrease of vimentin, cytokeratin 8 
and lamin A (data not shown). 
Vmentin degradation during myoblast 
differentiation 
The induced expression of high levels 
of aB-crystallin in T-Rex-HeLa cells is an 
artificial system. A physiologically more 
relevant system is the mouse C2 myoblast 
cell line, which strongly upregulates aB-
crystallin expression upon differentiation 
into myotubes (Fig. 3A). Interestingly, 
vimentin was found to be cleaved during 
this differentiation process (Fig. 3A, upper 
panel), corresponding with the observed 
vimentin degradation upon overexpression 
of aB-crystallin in T-Rex-HeLa cells. The 
degradation of vimentin is in line with the 
diminished protein level of vimentin during 
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Figure 3 Expression of «B-crystailin is correlated with vimentin degradation in vivo. (A) Mouse C2 cells were cultured 
in differentiation medium (DM) for the indicated times, and subsequently harvested by trypsinisation Equal amounts of total 
cellular protein from each time point were analyzed by Western blotting using monoclonal antibodies against vimentin, aB-
crystallin and desmin (B) Mouse C2 cells were cultured in differentiation medium for 96 hrs and treated with siRNA against 
αΒ-crystallin or mock treated. Equal amounts of protein were analyzed by Western blotting using monoclonal antibodies 
against vimentin, αΒ-crystallin and desmin. (C) Equal amounts of protein from heart tissues of 3-day old wild type (129SV) 
and (iB-crystallin -/- mice were analyzed on Western blot using antibodies against vimentin, αΒ-crystallin and SmB (loading 
control). 
myogenesis (167). The muscle-specific 
intermediate filament desmin was used as a 
marker for differentiation (Fig. 3A, bottom 
panel). 
To investigate whether expression 
of αΒ-crystallin is causally related to the 
degradation of vimentin during myogenesis, 
we performed RNAi on differentiating 
myoblasts to specifically knock down αΒ-
crystallin expression. After 96 hours of 
differentiation, αΒ-crystallin was highly 
expressed in mock-treated cells and efficient 
vimentin degradation was observed (Fig. 
3B). Cells treated with siRNA showed an 
effective knock-down of αΒ-crystallin 
of approximately 70%, and vimentin 
degradation was clearly diminished. Desmin 
levels were unchanged upon knock-down 
of αΒ-crystallin (bottom panel). These data 
demonstrate that vimentin proteolysis during 
myogenic differentiation correlates with the 
expression of αΒ-crystallin. 
Since knockdown of αΒ-crystallin 
increased the level of vimentin in myotubes 
(Fig. 3B), we wondered whether a similar 
effect could be observed in αΒ-crystallin 
-/- mice. For this purpose we examined 
heart tissues of 3-day old αΒ-crystallin -
/- and corresponding control strain mice by 
Western blot analysis (Fig. 3C). The results 
show that the hearts of αΒ-crystallin -/-
mice contain larger amounts of vimentin. As 
expected no αΒ-crystallin could be detected 
in these tissues, whereas the amount of SmB 
protein, used as a loading control, remained 
unchanged. These results also show that 
in a physiological system αΒ-crystallin 
expression is associated with lower levels of 
vimentin. 
Hearts of aB-crystallin -/-
increased vimentin contents 
The extent of vimentin degradation depends 
on the level of aB-crystallin 
aB-Crystallin specifically associates 
with type III intermediate filaments (for 
review see (51)), possibly to protect and 
mice have modulate these structures (60,175). We 
therefore were intrigued by the finding 
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that expression of αΒ-crystallin apparently 
induced the degradation of vimentin. To 
determine whether the extent of vimentin 
degradation is correlated with the level of 
αΒ-crystallin, the T-Rex-HeLa cells were 
incubated for 24 hours with increasing 
amounts of doxycylin. As can be seen in 
Figure 4A, the amount of αΒ-crystallin 
increased with higher concentrations of 
doxycyclin, and the extent of vimentin 
degradation increased correspondingly. 
Vimentin degradation recovers upon 
prolonged expression of aB-crystallin 
and is independent of aB-crystallin 
phosphorylation 
To determine how fast vimentin 
becomes degraded upon aB-crystallin 
induction, we performed a time course 
experiment in T-Rex-HeLa cells. After 24 
hours almost all vimentin had been degraded, 
but interestingly, vimentin expression was 
fully restored after 48 hours (Fig. 4B). This 
shows that after prolonged expression of 
αΒ-crystallin the cells somehow adapt to 
its presence. Interestingly, upon prolonged 
exposure of the Western blot also a truncated 
product of αΒ-crystallin is detectable at 
24 hours (Fig. 4B). Next we investigated 
whether vimentin degradation is dependent 
on phosphorylation of aB-crystallin, 
performing a time course experiment with 
T-Rex-HeLa cells with inducible expression 
of non-phosphorylatable aB-crystallin 
S19A/S45A/S59A. Similar to wild type 
αΒ-crystallin-expressing cells, most of the 
vimentin was degraded after 24 hours and 
restored again upon longer expression of 
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Figure 4 Expression of uB-crystallin and the degradation 
of vimentin in T-Rex-HeLa cells. (A) T-Rex-HeLa cells 
stably transfected with wild type aB-crystallln were induced 
for 24 hours by increasing concentrations of doxycyclin. 
Equal amounts of protein were analyzed by Western blotting 
using monoclonal antibodies against vimentin, αΒ-crystallin 
and ß-actin (loading control). (B, C and D) T-Rex-HeLa cells 
stably transfected with wild type (B), S19A/S45A/S59A (C) 
and R120G αΒ-crystallin (D) were induced for expression 
with 2 pg/ml doxycyclin and harvested at the indicated time 
points. Non-induced cells served as controls (0 hours). 
Western blotting as in (A). Longer exposures showed very 
low levels of intact vimentin in wild type and S19A/S45A/ 
S59A αΒ-crystallin-expressing cells after 24 hours (data not 
shown). 
αΒ-crystallin (Fig. 4C). This indicates that 
vimentin degradation is independent of aB-
crystallin phosphorylation. 
Myopathy-related CLB-crystallin R120G is 
impaired in inducing vimentin degradation 
The myopathy-related aB-crystallin 
R120G has an increased affinity for 
intermediate filaments (183). We therefore 
investigated the effect of aB-crystallin 
R120G on its ability to bring about vimentin 
degradation, using T-Rex-HeLa cells with 
inducible αΒ-crystallin R120G expression. 
Increasing levels of αΒ-crystallin R120G did 
not efficiently induce vimentin degradation, 
although it caused the accumulation of a 
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Figure 5. ocB-cystallin expression increases calpain activity. (A) T-Rex-HeLa cells, stably transfected with wild type aB-
crystallin, were induced for expression with 1 pg/ml doxycyclin and treated with DMSO, DEVD, ALLN and MDL28170 for 
24 hours. Equal amounts of protein were analyzed by Western blotting using monoclonal antibodies against vimentin, aB-
crystallin and ß-actin. (B-Ε) T-Rex-HeLa cells, stably transfected with wild type aB-crystallin (B and C) or with aB-crystallin 
R120G (Dand E), were either non-induced (NI) or induced (I) for aB-crystallin expression with 2 pg/ml doxycylin for 24 hours 
(B and D) or 72 hours (C and E), and assayed for their ability to hydrolyze suc-LLVY-AMC. As controls, cells were treated 
with the calcium ionophore A23187 in the absence of aB-crystallin, or with the calpain inhibitors ALLN or MDL28170 in the 
presence of aB-crystallin. *, P<0.002 
slightly faster migrating product, indicating 
limited proteolysis of vimentin (Fig. 4D). 
This result shows that the myopathy-related 
aB-crystallin R120G is impaired in inducing 
efficient degradation of vimentin. 
aB-crystallin expression temporarily 
enhances calpain activity in HeLa cells 
Only a limited number of proteases 
has been identified which have the potential 
to degrade vimentin. Vimentin can be 
cleaved by caspases and calpains, which both 
have an important role during myogenesis 
(17,68). The pattern of truncated vimentin 
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products that we observed (Fig. 2A, 3A and 
4A) closely resembles the pattern obtained 
after calpain proteolysis of vimentin in vitro 
(174). Moreover, the involvement of calpain 
is also supported by the detection of C-
terminally truncated forms of aB-crystallin 
that are processed at the known calpain 
cleavage sites (234) (Fig. 4B, 6 A and data not 
shown). To test whether calpains are indeed 
responsible for the proteolysis of vimentin in 
our system, we incubated T-Rex-HeLa cells 
expressing wild type aB-crystallin with 
inhibitors for calpains and caspase-3. Figure 
5A shows that vimentin cleavage is reduced 
when synthetic inhibitors for calpains are 
used (ALLN and MDL28170), but not when 
a caspase-3 inhibitor (DEVD) or the control 
DMSO is used. These results indicate that 
aB-crystallin expression increases calpain 
activity. To test this hypothesis we measured 
the calpain activity, in combination 
with proteasome activity, using the cell-
permeable substrate suc-LLVY-AMC, in 
T-Rex-HeLa cells with or without induction 
of aB-crystallin. We found that calpain 
activity was increased when aB-crystallin 
was expressed, and also in control cells 
in the presence of the calcium ionophore 
A23187 (Fig. 5B). The aB-crystallin-
induced increase of calpain activity could 
be prevented by MDL28170 and ALLN. In 
agreement with the time-course experiments 
(see Fig. 4B), calpain activity was restored 
to basal levels after 72 hours of induction 
of aB-crystallin (Fig. 5C). These results 
indicate that calpain activity is temporarily 
increased upon expression of wild type aB-
crystallin in T-Rex-HeLa cells and correlates 
well with the observed degradation of 
vimentin. 
We also examined the calpain activity 
in cells induced to express aB-crystallin 
R120G (Fig. 5D and E). No increase of 
calpain activity could be detected after 24 
and 72 hours, while calpain activity was 
again positively and negatively influenced 
by the use of calcium ionophore and calpain 
inhibitors, respectively. These results show 
that the impaired capacity of aB-crystallin 
R120G to induce vimentin degradation is 
caused by its inability to activate calpains. 
aB-crystallin influences intracellular 
calcium 
The activity of calpains depends on 
the availability of calcium. We observed that 
upon treatment with the calcium ionophore 
A23187 both calpain activity (Fig. 5B) and 
the rate of vimentin degradation increases 
(data not shown). Therefore, aB-crystallin 
should somehow be able to (temporarily) 
raise the cytoplasmic calcium level, to 
increase calpain activity. To test whether 
aB-crystallin increases cytoplasmic calcium 
levels, and subsequently activates calpains, 
we chelated the cytoplasmic calcium in T-
Rex-HeLa cells expressing aB-crystallin 
for 24 hours, with BAPTA. Total cell lysates 
were analyzed on Western blot for vimentin 
and aB-crystallin degradation. Already 
with 0.1 μΜ BAPTA the degradation of 
vimentin and aB-crystallin, induced by 
aB-crystallin expression, could be inhibited 
(Fig. 6A). These data suggest that aB-
crystallin increases the cytosolic calcium 
concentration. To monitor the cytosolic free 
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Figure 6 Overexpression of uB-crystaliin affects the intracellular Ca2* concentrations. (A) T-Rex-HeLa cells stably 
transfected with wild type αΒ-crystallin were induced for expression with 2 pg/ml doxycyclin and treated with DMSO (0) or 
increasing amounts of BAPTA for 24 hours. Non-induced cells were used as a control (NI). Equal amounts of protein were 
analyzed by Western blotting using monoclonal antibodies against vimentm, «B-crystallm and SmB. (B) Fura-2-loaded T-
Rex-HeLa cells were treated with 1 μΜ ionomycin and changes in cytosolic free Ca2* concentration ([Ca2*]c) were monitored 
by digital imaging microscopy An increase in [Ca2*]c is reported by an increase in the ratio of the fluorescence emission 
intensities at excitation wavelengths of 340 and 380 nm. Basal fluorescence emission ratio measured in the presence of 1 
mM extracellular [Ca2*] in non-induced cells (WT and R120G control) and in cells treated with 2 Mg/ml doxycyclin for 24 hours 
(WT and R120G). (C) lonomycin-induced transient rises in [Ca2*]c, monitored in the absence of extracellular Ca2* (0.5 mM 
EGTA added), in non-induced cells (NI WT) or in cells treated with 2 pg/ml doxycyclin for 24 hours (I WT). The areas under 
these Ca2* transients were used as a measure of the filling states of the intracellular Ca2* stores. In each experiment, the 
fluorescence emission ratio was normalized to its prestimulatory value. Depicted are average traces. (D. E) Filling states of 
the intracellular Ca2* stores 24 (D) or 72 hours (E) after induction. The averaged value of non-induced cells (NI WT and NI 
R120G) is set at 100%, to which other values are related (WTand R120G). *, PO.01. 
Ca2+ concentration ([Ca2']
c
) in individual wild type or R120G αΒ-crystallin for 24 
cells, using digital imaging microscopy, hours, with the fluorescent Ca2 ' indicator 
we loaded T-Rex-HeLa cells, expressing Fura-2. However, no change in [Ca2']
c
. 
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could be observed upon expression of wild 
type or R120G aB-crystallin (Fig. 6B). 
Cytoplasmic calcium levels in cells are very 
well controlled, and variations over a longer 
time interval may be difficult to detect. To 
try and measure indirectly the involvement 
of calcium, we analyzed whether the 
calcium store in the endoplasmic reticulum 
(ER) had been altered. Cells expressing wild 
type aB-crystallin were loaded with Fura-
2, and subsequently treated with the Ca2' 
ionophore ionomycin. Measurements were 
performed in the absence of extracellular 
Ca2h to prevent Ca2" influx from the external 
medium in response to Ca2+ store depletion 
by the ionophore. Ionomycin transiently 
increased [Ca2,]
c
. in both control and 
αΒ-crystallin-expressing cells (Fig. 6C). 
Interestingly, the area under the peak was 
-10% lower in αΒ-crystallin-expressing 
cells than in non-induced control cells (see 
Fig. 6D), indicating that the Ca2 content of 
the ER was significantly reduced upon aB-
crystallin expression. As might be expected, 
the ER Ca2' content in cells expressing 
aB-crystallin R120G for 24 hours was not 
reduced (Fig. 6D), while the ER Ca2' content 
in wild type expressing cells is still -10% 
lower after 72 hours as compared to control 
cells and aB-crystallin R120G expressing 
cells (Fig. 6E). These results indicate that 
expression of wild type aB-crystallin lowers 
the ER Ca2+ content, which possibly causes 
a transient increase of cytoplasmic calcium, 
followed by adaptation to normal cytosolic 
levels. Additionally, the myopathy-related 
aB-crystallin R120G is impaired in this 
function. 
Discussion 
The small heat-shock protein aB-
crystallin is overexpressed during cellular 
differentiation (111,126) and under various 
pathological (187,231,253) and stress 
conditions (106,108,109,114). It plays a 
role in protein degradation (58) and confers 
cellular protection, supposedly through its 
chaperone-like activity (105). However, its 
exact role in vivo is largely unknown. To 
gain insight in the effects of aB-crystallin 
we analyzed changes in the proteome upon 
induced expression of aB-crystallin. In the 
present study we identified seven proteins 
of which the levels were influenced by 
aB-crystallin. This is the first example of 
a study in which a proteomics approach has 
been used to investigate the in vivo role of a 
human small heat shock protein. 
The seven identified proteins should 
provide clues about processes that are 
affected by increased levels of aB-crystallin. 
Since aB-crystallin can "chaperone" 
proteins, and thereby reduce the presence 
of misfolded or damaged proteins, the 
decreased expression of Hsp70 might be 
explained by a diminished requirement for 
chaperones. Changes in the levels of the 
ER/redox proteins Prxl and ERp57 suggest 
that aB-crystallin is somehow involved in 
oxidative processes, a role which has already 
been well described for the related Hsp27 
(9). Most interesting, though, is the finding 
that four of the differentially expressed 
proteins are cytoskeletal: the intermediate 
filament proteins vimentin, cytokeratin 8 and 
lamin A, and the cytoskeleton-associated 
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protein CapZ αϊ The increased expression 
of the actin cap-binding protein CapZ might 
be related to the ability of aB-crystallin to 
associate with actin stress fibers, although 
this interaction is mainly detectable under 
stress conditions (244) The effect on 
intermediate filaments is not unexpected 
since it has been shown that aB-crystallin is 
able to associate with these types of proteins 
(60,61,175,182) However, to our surprise we 
found that the expression of the intermediate 
filament proteins decreased upon induction 
of αΒ-crystallin, which does not support the 
general notion that aB-crystallin protects the 
cytoskeleton (97,191) 
In the case of vimentin we observed 
beside a reduction in the amount of the 
full length protein also truncated products, 
indicating that aB-crystallin stimulates 
the degradation of vimentin This effect 
was not only observed in T-Rex-HeLa 
cells (Figs 1A and 2A), but also during 
myogenic differention of mouse C2 cells 
(Fig 3A), and appeared to be independent of 
phosphorylation of αΒ-crystallin (Fig 4C) 
Interestingly, murine Hsp25, a close homolog 
of αΒ-crystallin, only had a moderate effect 
on vimentin degradation (data not shown), 
indicating that this function is specific 
for aB-crystallin The observed relation 
between αΒ-crystallin expression and 
vimentin degradation appears to be a more 
general in vivo phenomenon, since vimentin 
degradation during myogenesis could be 
inhibited by knockdown of aB-crystallin 
(Fig 3B), while vimentin expression was 
found to be drastically increased in heart 
tissues of αΒ-crystallin knock-out mice 
(Fig 3C) 
It is striking that in T-Rex-HeLa cells 
the effect of vimentin degradation is only 
temporary, with a maximum effect after 24 
hours of aB-crystallin induction (Fig 4B), 
while during myogenic differentiation it 
seems to be an ongoing process (Fig 3A) 
This can partially be explained by the fact that 
during myogenesis most of the vimentin is 
replaced by the muscle-specific intermediate 
filament desmin (49,81,178), while in T-
Rex-HeLa cells vimentin is the predominant 
intermediate filament (for review see (139)) 
It is therefore not unlikely that T-Rex-
HeLa cells must take countermeasures, 
like upregulation of vimentm synthesis, to 
prevent loss of their vimentin cytoskeleton 
This adaptive behavior of T-Rex-HeLa cells 
might also explain why the transient loss of 
vimentm upon aB-crystallin expression has 
not been reported before in other cell lines 
How the T-Rex-HeLa cells adapt is not clear 
yet and is subject of ongoing research 
It is suggested that vimentm serves 
as an early structural scaffold in the neural 
system and in muscle cells, which becomes 
replaced by more specialized networks 
during differentiation (49) During myogenic 
differentiation the expression of vimentm is 
downregulated, which is confirmed by our 
experiments (see Fig 3) Downregulation 
of vimentm might be necessary for the 
proper replacement by a desmin filament 
cytoskeleton (184) Our experiments 
in T-Rex-HeLa cells indicate that aB-
crystallin stimulates vimentm degradation 
by increasing calpain activity (see Fig 5) 
Since aB-crystallin also increases vimentm 
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degradation during myogenesis (Figs. 3A 
and B), it is conceivable that in this cell type 
aB-crystallin affects the calpain activity, too. 
In this context it is important to note that in 
muscle fibers both calpain and aB-crystallin 
are found at the I-band (86,87,195). 
Several reports indicate that calpain 
activity is crucial for myogenic differentiation 
(reviewed in (88)). For instance, 
microinjection of m-calpain increased the 
rate of fusion of rat satellite cells, while 
microinjecting calpastatin inhibited ftision 
(230). In agreement with this observation 
is the inhibition of myoblast fusion when 
cells are treated with antisense oligodeoxyr 
ibonucleotides to m-calpain mRNA (14,15). 
In addition, Capn4~'~ embryos, lacking the 
28 kDa small subunit of active calpains, 
die at midgestation possibly due to failure 
in heart morphogenesis, likely by the loss 
of normal μ- and m-calpain activities (10). 
Interestingly, cells overexpressing μ-calpain 
show, amongst others, a decreased expression 
of vimentin ( 167), which corresponds well to 
the vimentin degradation that we observed. 
This study also revealed that desmin 
expression is not affected by overexpression 
of μ-calpain, again in full agreement with our 
experiments (see Fig. 3B). Thus, although 
desmin and vimentin can both be cleaved by 
calpains in vitro, and share a high sequence 
and structural similarity, their proteolysis 
seems to be differentially regulated during 
myogenesis. On the other hand, it is possible 
that the decreased levels of cytokeratin 8 
and lamin A that we observed upon aB-
crystallin expression (Figs. 1A and B) are 
also caused by calpain proteolysis. If this 
is the case, it would suggest that the effect 
of aB-crystallin on intermediate filament 
degradation via calpain activation is a much 
more general phenomenon. 
The mRNA and protein levels of 
calpains μ, m and 3, and their naturally 
occurring inhibitor calpastatin do not 
change in the course of myogenesis (53). It 
is therefore likely that aB-crystallin alters 
calpain activity through other mechanisms 
than simply regulating the expression of 
these proteins. The enzymatic activity of 
calpains is dependent on the availability of 
free calcium in the cytoplasm (75,88). Here 
we have shown that ER calcium stores are 
reduced upon aB-crystallin expression 
(Fig. 6D), while the cytoplasmic calcium 
chelator BAPTA, diminished the calpain-
dependent vimentin degradation (Fig. 6A). 
This indicates that the cytoplasmic calcium 
concentration is increased by aB-crystallin 
expression, likely from ER stores, which 
then leads to an increase in calpain activity. 
The manner in which aB-crystallin 
releases calcium from the ER stores is 
currently unknown, but it is a fundamentally 
new function for aB-crystallin. It can 
be envisaged that aB-crystallin directly 
regulates calcium channel activity of 
for instance ryanodine or inositol 1,4,5-
trisphosphate receptors, causing calcium 
efflux from the ER. The fact that the ER 
calcium content stays reduced in T-Rex-
HeLa cells after prolonged presence of 
aB-crystallin (Fig. 6E), suggests that a 
new equilibrium has been reached. This 
will stabilize the cytoplasmic calcium level, 
and might explain why the increase in 
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calpain activity is temporary However, the 
reduction of calpain activity could also be 
due to subsequent expression of its natural 
inhibitor calpastatin, although we do not 
have any evidence to that end 
Reducing the filling state of the ER 
calcium stores has recently been shown to 
be anti-apoptotic, which is caused by an 
alteration in calcium signaling that makes 
cells less sensitive to apoptotic stimuli 
(69,188) Since αΒ-crystallin expression 
reduces the filling state of the ER calcium 
stores over a longer period of time (see Fig 
6E), this could be a novel anti-apoptotic 
mechanism of αΒ-crystallin This is in 
agreement with the ability of aB-crystalhn 
to render C2C12 myoblasts resistant to 
differentiation-induced apoptosis (126) 
We found that the R120G mutant 
of αΒ-crystallin, which is associated with 
a desmin-related myopathy, is impaired in 
reducing ER calcium stores and enhancing 
calpain activity, and consequently in 
stimulating vimentin degradation Calcium 
dysregulation plays an important role in 
neuromuscular disorders (29,223) Various 
skeletal muscle pathologies have been 
related to mutations in calcium regulatory 
proteins such as ryanodine receptors, 
dihydropyndine receptors and calcium-
ATPase pumps (12,71,124,150,155) 
Alterations in the calcium handling appear to 
be the underlying cause of several diseases 
leading to cardiac hypertrophy and heart 
failure (247) Our findings suggest that also 
in the case aB-crystallin R120G pathology 
the underlying mechanism might be a lack of 
proper calcium regulation 
In summary, the expression of aB-
crystallin facilitates the calpain-mcdiated 
degradation of vimentin, most likely by 
supplying calcium from the ER These 
findings imply a completely novel role for 
aB-crystallin, especially with respect to its 
involvement m cytoskeletal maintenance 
It remains to be established whether the 
influence of aB-crystallin on calcium 
homeostasis affects other calcium-dependent 
processes in the cell as well 
Experimental procedures 
Cell culture, plasmids and transfections 
T-Rex-HeLa cells, stably transfected 
with wild type aB-crystallin, aB-crystallin 
S19A/S45A/S59A (56) and aB-crystallin 
R120G were grown at 370C in Minimum 
Essential Medium Eagle (Bio Whittaker 
Europe) supplemented with 10% fetal calf 
serum (PCS) (PAA laboratories), 100 units/ 
ml penicillin, 200 μg/ml streptomycin, 200 
μg/ml Zeocin (Invitrogen) and 5 μg/ml 
blasticidine (ICN Biomedicals Ine ) in the 
presence of 5% CO, To induce expression, 
cells were grown with doxycyclin for 
the indicated times Expression of the 
different aB-crystallins was assessed by 
immunoblotting, as described below 
Intracellular calcium was chelated, 
when needed, by addition of high-affimtyCa2" 
chelator 1,2-bis(2-aminophenoxy)ethane-
jV.jVjV'.jV'-tetraacetic acid (BAPTA-AM, 
Invitrogen) to the culture medium Caspase-
3 and calpains were inhibited by addition of 
N-acetyl-Asp-Glu-Val-Asp-CHO (DEVD, 
Calbiochem), N-Acetyl-Leu-Leu-Nle-
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CHO (ALLN, Sigma) or Z-Val-Phe-CHO 
(MDL28170, Sigma) to the culture medium. 
Mouse C2 cells were grown at 37°C 
in Dulbecco's modified Eagle's medium 
(Invitrogen) supplemented with 20 % PCS 
(PAA laboratories), 100 units/ml penicillin 
and 200 μg/ml streptomycin, in the presence 
of 5% C0 2 . Differentiation was initiated 
by replacing the medium by Dulbecco's 
modified Eagle's medium (Invitrogen) 
supplemented with 2% horse serum 
(Invitrogen), 100 units/ml penicillin and 200 
μg/ml streptomycin. 
siRNA transfection 
Mouse C2 cells were transfected 
with siRNA duplex control antisense strand: 
5'-CCACCAAGAAGGCGCUGCCUU-
3', aB-crystallin antisense strand: 5'-
UUCUUCGUGCUUGCCGUGGAC-3' 
using oligofectamine (Invitrogen) to achieve 
a final concentration of 10 nM siRNA per well. 
Cells were let to differentiate for 96 hours in 
the presence of siRNA duplexes. 
Preparation of cell extracts and cell 
fractioning 
Stable cell lines were induced for 
expression for 24 hours by addition of 
doxycyclin to the culture medium. Cells 
were harvested by trypsinization and 
subsequent centrifugation in a Minifuge RF 
(Hereaus Instruments Inc.) at 1000 r.p.m. 
for 5 minutes. Cells were washed once with 
medium containing 10 % FCS, once with 
phosphate buffered saline (PBS), and once 
with a low salt wash buffer (10 mM Tris pH 
7.5, 250 mM sucrose). The total cell lysate 
was prepared by resuspending cells in lysis 
solution (8 M urea, 2% 3-[(3-cholamidopro 
pyl)dimethylammonio]-1 -propanesulfonate 
(CHAPS)) and incubating them on ice for 15 
minutes. Pellets were lysed by sonication, 
and protein concentrations determined 
with the BCA Protein Assay Kit (Pierce) 
according to the manufacturer's instructions. 
The detergent-insoluble fraction was 
prepared by resuspending cells in ice-cold 
lysis buffer (10 mM Tris-HCl pH 7.5, 100 
mM KCl, 1 mM dithiothreitol (DTT), 1 mM 
ethylenediaminetetraacetic acid (EDTA), 
5 mM MgCl
r
 1 mM phenylmethanesulf 
onylfluoride and 0.5% Nonidet P-40) and 
incubating them on ice for 15 minutes. 
The cell extract was centrifuged at 3000 
r.p.m. for 15 minutes. The supernatant was 
discarded, and the pellet resuspended in 
lysis solution (2 M thiourea, 6 M urea, 2% 
CHAPS) and kept on ice for 15 minutes. 
Pellets were lysed by sonication, and 
treated with 2-D Clean-Up Kit (Amersham 
Biosciences). Protein concentrations were 
determined with the Plus One™ 2-D Quant 
Kit (Amersham Biosciences) according to 
the manufacturer's instructions. 
Heart tissues of wild type (129SV) and 
aB-crystallin -/- mice (described in (28)), 
were lysed by sonication in 300 μΐ 2x SDS 
sample buffer, without 2-mercaptoethanol 
and bromophenol blue, and heated for 
15 minutes at 950C. Insoluble material 
was removed by centrifiigation at 13,000 
r.p.m. for 30 minutes at 40C, and protein 
concentrations determined with the BCA kit 
(Pierce). 20 μg of protein from each tissue 
was analyzed by Western blotting. 
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Two-dimensional SDS-polyacryìamide gel 
elee trophoresis 
For isoelectric focusing, 40 and 80 μg of 
protein was applied, by rehydration loading, 
on a 7 cm Immobiline™ Dry Strip (Amersham 
Biosciences) with a pH gradient of 3-10 and 
4-7, respectively Rehydration took 12 hours 
in a volume of 125 μΐ rehydration solution 
The rehydration solution for total cell lysates 
was 8 M urea, 2% CHAPS, 0 2% DTT, 0 8% 
Immobilized pH gradient buffer (Amersham 
Biosciences) and bromophenolblue, for 
detergent-insoluble samples 8 M urea was 
replaced by 6 M urea and 2 M thiourea 
Isoelectric focusing was performed on the 
Ettan™ IPGphor™ Isoelectric Focusing 
System (Amersham Biosciences) for 31,750 
Vhr at 20°C using the following program 
250 Vhr at 500 V, 500 Vhr at 1000 V, 1000 
Vhr at 2000 V and 30,000 Vhr at 5000 
V Prior to SDS-PAGE the strips were 
equilibrated two times for 15 minutes in 
SDS Equilibration buffer (6 M urea, 30 
% glycerol, 50 mM Tris-HCl pH 8 8, 2 % 
SDS and bromophenolblue) containing 10 
mg/ml DTT and 25 mg/ml lodoacetamide, 
respectively After equilibration, strips 
were placed on a 12% SDS-polyacrylamide 
gel and sealed with 0 5 % agarose sealing 
solution Second-dimension electrophoresis 
was performed in the Ettan™ DALTtwelve 
System (Amersham Biosciences) at 25°C 
Gels were stained overnight with colloidal 
Coomassie (0 08 % Coomassie Brilliant 
Blue G250, 1 6% ortho-phosphoric acid, 
8% ammonium sulphate, 20% methanol) 
and dcstained with distilled water until the 
background was clear Gels were scanned 
with a GS-700 Imaging Densitometer 
(Biorad) Comparative analysis of 2-D 
gels was performed using the PDQuest™ 
software (Biorad) Normalization was 
achieved by taking the optical density of a 
protein spot of interest as a fraction of the 
total optical density of valid spots on the gel 
The average spot intensity was taken from 
five independent samples, and those spots 
that differed statistically after normalization 
(98% interval) were classified as down- or 
up-regulated 
Matrix-assisted laser desorption/iomzation 
time-oj-flight mass spectrometry 
Gels were placed on a transilluminator and 
covered with 25 mM ammomumcarbonate 
Spots were excised from the gel and washed 
three times for 30 minutes with 50 μΐ 25 
mM ammomumbicarbonate At the third 
washing step acetonitrile was added to a 
final concentration of 30% and incubated 
for 15 minutes The solution was replaced 
by 50 μΐ acetonitrile and after 30 minutes 
the solution was removed and spots dried 
overnight at room temperature Five μΐ 
trypsin solution (3 ng/μΐ sequencing grade 
modified trypsin (Promega) in 25 mM 
ammomumcarbonate and 5 mM n-octyl 
pyranoglucoside) was added and spots were 
incubated on ice for 1 hour, whereafter the 
trypsin solution was replaced by 5 μΐ 25 
mM ammomumcarbonate, 5 mM n-octyl 
pyranoglucoside, and incubation continued 
overnight at 37 °C Tryptic peptides were 
extracted by incubating spots in 1 μΐ 50% 
acetonitrile, 0 5% tnfluoroacetic acid and 5 
mM n-octyl pyranoglucoside for 1 hour at 
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room temperature, followed by sonication for 
2 minutes in a sonication bath. Tryptic digest 
(0.2 μΐ) was spotted with 0.2 μΐ matrix (20 
mg/ml 4-hydroxyl-a-cyanocinnamic acid 
(CHCA) in 50% acetonitrile, 0.05% TFA) 
on a MALDI 384 well target plate. Mass 
spectra were collected on a Bruker BiFlex 
III (Bruker Daltonics) and analyzed with 
BioTools™ software (Bruker Daltonics). 
Detected tryptic peptides were searched 
against a non-redundant data base (nrdb) 
from NCBI using the Mascot server (Matrix 
Science, Ltd.). 
1 D-electrophoresis and Western blot 
analysis 
SDS-PAGE was performed according 
to standard procedures. Proteins were 
transferred to nitrocellulose membranes 
(Schleicher & Schuell) for Western blot 
analysis by electroblotting. The membranes 
were incubated successively with primary 
antibodies and horseradish peroxidase-
conjugated secondary antibodies (DAKO). 
Immunoblotting was performed with mouse 
monoclonal antibodies to aB-crystallin 
(Riken Cell Bank), cytokeratin 8, vimentin 
(V9) (Neomarkers), desmin, lamin A/C, β-
actin (all Sigma) and a human autoimmune 
serum to SmB (190). 
Calpain activity measurements 
Twenty-four hours after induction, 
T-Rex-HeLa cells were rinsed with medium, 
and placed in media containing 50 μΜ 
Suc-LLVY-AMC (BostonBiochem) in the 
presence of A23187 (Sigma), N-Acetyl-Leu-
Leu-Nle-CHO (ALLN, Sigma) or Z-Val-
Phe-CHO (MDL28170, Sigma). Cells were 
then replaced in a 5% C0 2 incubator at 37°C. 
After 20-min incubation, the plates were 
read in a FLUOstar Galaxy fluorescence 
plate reader (BMG LabTechnologies) at 
wavelength settings of 390 nm and 460 nm 
for excitation and emission, respectively. 
Values from multiple experiments were 
expressed as average ± S.E. and statistical 
significances were assessed by Student's 
Mest. 
Digital imaging microscopy of cytosolic 
Ca2+ concentrations 
For ratiometric measurement of cytosolic 
Ca2+ concentrations, cells were seeded 
on 0 24 mm coverslips and loaded with 
3 μΜ fura-2/AM for 20 min at 37 0 C in 
culture medium. After loading, cells were 
washed twice and allowed to equilibrate for 
another 10 min. Cells were then incubated 
in HEPES-Tris buffer (132 mM NaCl, 4.2 
mM KCl, 1 mM MgCl,, 5.5 mM D-glucose, 
10 mM Hepes, 1 mM CaCl2, pH 7.4) and 
placed in a temperature-controlled (370C) 
superfusion chamber attached to the stage 
of an inverted microscope (Axiovert 200 M, 
Carl Zeiss, Jena, Germany) equipped with a 
x40, 1.3 NA Plan NeoFluar objective. Fura-
2 was altematingly excited at 340 and 380 
nm using a monochromator (Polychrome 
IV, TILL Photonics, Gräfelfing, Germany). 
Fluorescence emission light was directed by 
a 430DRLP dichroic mirror (Omega Optical 
Inc., Brattleboro, VT) through a 510WB40 
emission filter (Omega Optical Inc.) onto a 
CoolSNAP HQ monochrome CCD-camera 
(Roper Scientific, Vianen, The Netherlands). 
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The integration time of the CCD camera was 
set at 100 ms and a sampling interval of 1 s 
was used. All hardware was controlled with 
Metafluor 6.0 software (Universal Imaging 
Corporation, Downingtown, PA). At the 
end of each experiment, cells were scraped 
off the coverslip to correct for background 
fluorescence. Numerical values were 
visualized using Origin Pro 6.1 (Microcal, 
Northampton, USA) and values from 
multiple experiments were expressed as 
average ± S.E. Statistical significances were 
assessed by Student's /-test. 
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Monomethylation of αΒ-crystallin is 
formation and chaperone-like activity 
important for complex 
The small heat-shock protein αΒ-crystallin is post-translationally heavily modified in 
theeyelens. However, onlya limited number of modifications, notably phosphorylation, 
O-GlcNAcylation and C-terminal truncation, have been detected in other cell and 
tissue types. In this study we report that αΒ-crystallin is monomethylated at as 
much as three different lysine residues (K90, K103, K166) and one arginine residue 
(R157). Both lys-90 and lys-103 reside in the proposed substrate binding sites in the 
middle of the α-crystallin domain. Replacing these two lysine residues by arginines, to 
study the function of methylation in situ, drastically reduced the oligomeric complex 
size and influenced the in situ chaperone-like activity of αΒ-crystallin. However, the 
mutations hardly affected the phosphorylation status and subcellular distribution. 
Methylation thus Is an important in situ modulator of αΒ-crystallin. 
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Introduction 
Post-translational modifications 
modulate the activity of most eukaryotic 
proteins. To date, over 200 different post-
translational protein modifications have been 
described (156). Many of them have been 
extensively studied, like phosphorylation or 
ubiquitination, and have well documented 
roles in signal transduction and regulation of 
cellular processes. Identifying the sites and 
types of post-translational modifications in a 
protein offers a first clue about its regulatory 
potential. 
aB-Crystallin is a 20-kDa protein, 
belonging to the family of small heat-
shock proteins (sHsps) (8,54). It is highly 
expressed in eye lens and muscle, and to 
lesser extents in many other tissues such 
as brain, skin and kidney (58,224). An 
important property of aB-crystallin is its 
ability to bind unfolding proteins (119). This 
chaperone-like activity may prevent protein 
aggregation during conditions of stress, and 
might help to increase the stress resistance 
of the cell (94). In the eye lens, a large 
number of post-translational modifications 
have been detected in aB-crystallin, like 
phosphorylation, acetylation, methylation, 
glycosylation, carbamylation, deamidation, 
racemization and truncation (91,156). Only 
a limited number of modifications have been 
described for aB-crystallin in other tissues. 
This includes phosphorylation, which can 
occur at three positions, where ser-19 and ser-
45 are mainly phosphorylated during mitosis 
and ser-59 under various stress conditions 
(131). These serine phosphorylations are 
involved in regulating the nuclear import 
(56,57), chaperone-like function (112) and 
anti-apoptotic properties of aB-crystallin 
(125,126,165). aB-Crystallin is also found 
in a C-terminally truncated form, and in rat 
hearts it appears to be O-GlcNAcylated at 
Thrl70 (201). Little is known about the in 
vivo functions of these latter modifications. 
To increase our understanding of 
the functions of aB-crystallin, we sought 
to identify any methylated residues in 
aB-crystallin, in other cell and tissue 
types than the eyelens. Performing 
immunoprecipitation experiments on 
extracts of transfected HeLa cells, we found 
that aB-crystallin is monomethylated at 
least at four different residues, three lysines 
and one arginine. Mutational analysis of 
lys-90 and lys-103, which both reside in 
the putative substrate binding domains of 
aB-crystallin, revealed that these residues 
are crucial for complex formation and 
chaperone function, as determined by 
glycerol gradient centrifugation, heat-
shock induced insolubilization and 
luciferase refolding assays. These mutants 
have, however, no clear abnormalities in 
phosphorylation, Hsp27 interaction and 
subcellular distribution. Therefore, our data 
suggest that methylation of aB-crystallin is 
important for its complex size and cellular 
chaperone-like function. 
Results 
aB-crystallin is monomethylated at several 
residues 
In the eye lens aB-crystallin is known 
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Figure 1. Mono-lysine and mono-arginine-methylation of B-crystallin 
(A) An extract of HeLa cells, transfected with a pIRES construct coding for wild type uB-crystallin. was subjected to 
immunoprecipitation with a monoclonal antibody against «B-crystallln. The immunoprecipitates were analyzed by SDS-
PAGE and Coomassle Brilliant Blue staining. The bands corresponding to αΒ-crystallln, Hsp27 (arrows) and truncated uB-
crystallin (asterisk) are indicated. The aB-crystallin band was excised and analyzed by FT-MS/MS. (B) Schematic domain 
representation of aB-crystallin indicating the newly identified monomethylation sites in uB-crystallin. The black and dark gray 
areas have been identified as BIS-ANS and 1,5-AZNS binding sites, respectively [209], within the α-cystallin domain (gray), 
and have been proposed as chaperone binding sites. 
to be methylated at multiple sites (R22 
and R50) (156). It has, however, not been 
determined whether aB-crystallin is also 
methylated outside the lens. To investigate 
this, we transfected HeLa cells with a 
construct coding for wild type aB-crystallin. 
aB-Crystallin was immunoprecipitated 
from the cell lysates using a monoclonal 
antibody against aB-crystallin. The 
immunoprecipitates were separated on an 
SDS-PAGE gel, and subsequently stained 
with a colloidal Coomassie Brilliant 
Blue solution (Fig. 1A). Wild type aB-
crystallin and truncated aB-crystallin 
could be efficiently immunoprecipitated. 
Additionally, small amounts of endogenous 
Hsp27 were co-immunoprecipitated. The 
wild type aB-crystallin band was excised 
from the gel and analyzed using FT-MS/ 
MS. We obtained a sequence coverage 
of 66 % and found that wild type aB-
crystallin is at least monomethylated at 
K90, K103, K166 and R157 (Fig. IB). 
Most of these monomethylated residues 
could also be detected in aB-crystallin 
immunoprecipitated from differentiated C2 
cells (data not shown). 
Effect ofK90R and K103R mutations on the 
complex size of aB-crystallin 
Both K90 and Κ103 are located 
in putative chaperone binding sites in 
aB-crystallin (Fig. IB) (209). Moreover, 
in the crystal structures of TaHspl6.9 
(240) and Tsp36 (221), the corresponding 
lysine residues reside near the subunit-
subunit interface. Mcthylation of these two 
lysines might therefore play a role in both 
substrate binding and complex formation. 
To assess their importance for subunit-
subunit interaction, these lysines were 
replaced by arginine residues. The aB-
crystallin K90R and K.103R mutants were 
transiently expressed in HeLa cells, and 
complex sizes were analyzed by glycerol 
gradient ccntrifugation. We observed that 
the complexes of K90R and K103R were 
around 170 kDa and 260 kDa, respectively 
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Figure 2. Complex size, Hsp27 interaction and phosphorylation of aB-crystallin K90R and K103R. 
(A) Lysates of HeLa cells, transfected with expression constructs coding for wild type (upper panel), K90R (middle panel) 
and K103R aB-crystallin (bottom panel), were fractionated by centrifugation on a glycerol gradient (5-40%), and analyzed 
on Western blots using the monoclonal antibody against aB-crystallin. Arrowheads indicate the molecular masses (kDa) of 
marker proteins. (B) Co-immunoprecipitation of endogenous Hsp27 with aB-crystallin from lysates of HeLa cells transfected 
with wild type, K90R and K103R aB-crystallin. aB-crystallin was immunoprecipitated using a polyclonal anti-aB-crystallin 
antibody coupled to protein G-agarose beads. Immunoprecipitates were analyzed on Western blots by staining with 
monoclonal antibodies against Hsp27 and aB-crystallin. (C) HeLa cells were transfected with wild type, K90R or K103R aB-
crystallin and harvested after 2 days. Equal amounts of protein, as assessed by ß-actin staining, were analysed on Western 
blot using the polyclonal phospho-specific anti-aB-crystallin S19p, S45p and S59p antibodies [131]. The Western blots were 
stained with the monoclonal anti-aB-crystallin antibody to detect the total amount of aB-crystallin. 
No HS HS + 6 hrs ree. 
WT 
K90R 
K103R 
Figure 3. Subcellular localization of wild type, K90R and 
K103R i.B-crystallin. 
HeLa cell transfected with aB-crystallin wild type (WT), K90R 
or K103R were either non-stressed (No HS) (A, C and E) 
or heat-shocked with 6 hrs recovery (HS + 6 hrs ree.) (Β, D 
and F). Cells were fixed and the localization of aB-crystallin 
was visualized by indirect immunofluorescence with the 
RIKEN monoclonal anti-aB-crystallin antibody and TRITC-
conjugated secondary antibody. 
(Fig. 2A). This is much smaller than the 
oligomeric complex size of wild type aB-
crystallin (670 kDa) (see (57)). 
Since the complex size of the 
lysine mutants is drastically reduced, 
and aB-crystallin is usually found in 
mixed oligomeric complexes together 
with Hsp27 (224), we wondered whether 
these mutants still can associate with 
endogenous Hsp27. We therefore performed 
co-immunoprecipitation experiments on 
transfected HeLa cells and compared the 
amounts of coprecipitated endogenous 
Hsp27. No difference in the amount of 
precipitated Hsp27 could be detected (Fig. 
2B), suggesting that the reduced complex 
size is not due to altered interactions with 
Hsp27. 
The complex size of wild type aB-
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crystallin is also reduced by phosphorylation 
at Ser-19, Ser-45 and Ser59 ((115) and 
den Engelsman unpublished results) To 
investigate the phosphorylation status 
of the mutants K.90R and K.103R, we 
analyzed transfected HeLa cell lysates by 
immunoblotting with antibodies specific for 
S19p, S45p, S59p and total aB-crystalhn 
(Fig 2C) The ratio between the staining 
intensities of the wild type and K.90R 
aB-crystallin bands for each antibody 
was very similar, indicating that the K90R 
mutation does not significantly increase the 
phosphorylation of αΒ-crystallin However, 
compared to wild type the phosphorylation 
of aB-crystallin carrying the K103R 
mutation seems to be diminished These data 
show that phosphorylation is not the cause of 
the reduced complex size 
Effect ofK90R and K103R mutations on the 
subcellular localization of CtB-crystallin 
To determine whether these lysine 
mutations affect the subcellular localization 
of αΒ-crystallin, we performed indirect 
immunofluorescence analyses on transfected 
HeLa cells Cells transfected with wild 
type, K.90R and K.103R showed a normal 
cytoplasmic distribution (Fig 3A, C and 
E) It is, however, known that after heat-
shock aB-crystallin translocates to nuclear 
speckles (1), likely due to an increase in 
phosphorylation (56,57) Therefore we 
investigated the localization of the mutants 
also 6 hours after heat-shock (Fig 3B, D 
and F) Next to a predominant cytoplasmic 
staining, wild type as well as the mutants 
partially localized in nuclear speckles These 
data show that in response to stress both 
mutants behave rather normal with regard to 
their subcellular distribution 
Effect ofK90R and Κ103R mutations on the 
detergent-solubility and chaperone function 
ofaB-crystallin 
Upon stress, aB-crystalhn 
translocates form the detergent-soluble to 
the detergent-insoluble fraction, likely by 
binding to cellular substrates To further 
characterize the properties of aB-crystallin 
K90R and K.103R, we investigated whether 
they have altered insolubilization properties 
We analyzed the detergent-(in)solubility 
6 hours after heat-shock in transfected 
HeLa cells (Fig 4A) After fractionation, 
immunoblotting showed that wild type 
aB-crystalhn and the mutants do not differ 
in their solubility under normal conditions 
(upper panels) As expected six hours 
after heat-shock almost all wild type aB-
crystallin is found in the detergent-insoluble 
fraction A similar result is obtained with 
aB-crystallin K.103R In sharp contrast, 
approximately 50% of αΒ-crystallin K.90R 
remained in the detergent-soluble fraction 
(bottom panels) 
This partial insolubilization of aB-
crystallin K.90R suggests altered substrate 
binding properties In that case it might be 
possible, too, that K90R has a diminished 
chaperone-like function We therefore 
examined the recovery of heat-shock 
inactivated luciferase The luciferase activity 
was measured 6 hours after heat-shock in 
HeLa cells transfected with wild type, K90R 
or Κ103R aB-crystalhn We found that aB-
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Figure 4 Oetergent-(in)solubility and chaperone activity 
of K90R and K103R mutants. (A) HeLa cells were 
transfected with expression constructs coding for wild type 
(wt), K90R or K103R aB-crystallin. Cells were not stressed 
(No HS) or heat-shocked with 6 hrs recovery (HS + 6 hrs 
ree). A fixed number of the transfected cells were separated 
into detergent-soluble (S) and detergent-insoluble (I) 
fractions, and analyzed by Western blotting using the RIKEN 
monoclonal anti-aB-crystallin antibody. (B) HeLa cells were 
transfected with expression constructs coding for wild type 
(WT), K90R or K103R aB-crystallin, with pIRES as a control, 
and assayed for recovery of luciferase activity 6 hours after 
heat-shock at 45°C in the presence of cyclohexamide. The 
recovered luciferase activity is given as a percentage (%) of 
the luciferase activity before heat-shock. Asterisks indicate 
a significant change in luciferase activity of K90R and 
K103R compared to wild type aB-crystallin transfected cells 
(PO.007). 
crystaliin K90R has a dramatically reduced 
capacity to restore luciferase activity (12 %) 
compared to wild type aB-crystallin (22 %) 
(Fig. 4B). While aB-crystallin K103R (33 
%) has a higher capacity to restore luciferase 
acitivity than wild type aB-crystallin. These 
data show that both lys-90 and lys-103 are 
important residues for the in situ chaperone-
like activity of aB-crystallin. 
Discussion 
The function of aB-crystallin as a 
molecular chaperone is thought to involve 
binding to exposed hydrophobic patches on 
substrate proteins (209,239). This chaperone-
like function is presumably greatly 
dependent on the dynamics of the large 
oligomers formed by aB-crystallin. Since 
the substrate binding sites are thought to be 
also involved in the oligomer formation, it 
is likely that the availability of the substrate 
binding sites is influenced by the efficiency 
of subunit exchange or dissociation of 
the oligomer (75,95). This dynamics of 
aB-crystallin subunits can be influenced 
by post-translational modifications. Both 
complex size and chaperone-like activity 
are indeed drastically reduced by mimicking 
the phosphorylation of aB-crystallin (112). 
However, little is known about the effects 
of other modifications on complex size and 
chaperone-like activity of aB-crystallin in 
mammalian cells. 
We here report four novel post-
translationally modified residues, all 
monomethylated, in the small heat-shock 
protein aB-crystallin, identified by state-
of-the art mass spectrometry methods. 
Monomethylation could very well be quite 
common in sHsps, since we also identified 
several monomethylated residues in other 
sHsps, notably Hsp27, Hsp20, HspB8 
and aA-crystallin (unpublished data). 
Because of the sequence diversity around 
the methylated residues it is likely that 
various methyltransfersases are responsible 
for the methylation of aB-crystallin. 
The methylation probably occurs in the 
cytoplasm, because the non-phosphorylatable 
81 Monomethylation of aB-crystallin 
αΒ-crystallin mutant, which cannot enter the 
nucleus (56,57), was found to be methylated 
at the same residues as the wild type 
protein (data not shown). Furthermore, the 
methyltransferases likely have some cell type 
specificity, since in lens αΒ-crystallin other 
residues (R22 and R50) have been detected 
as monomethylated (156). This suggests that 
monomethylation might play a regulatory 
role in the functioning of αΒ-crystallin. 
For this reason it would be interesting to be 
able to quantify the methylation levels of the 
different residues. 
In αΒ-crystallin two of the methylated 
lysine residues (lys-90 and lys-103) were 
found to be located at putative substrate 
binding sites (209,240). These sites are also 
involved in subunit-subunit interactions, and 
modifications in these regions may influence 
the subunit dynamics. Random mutagenesis 
of αΒ-crystallin has indeed shown that these 
two lysines and other positively charged 
residues can have a destabilizing effect on the 
subunit-subunit interaction (23). Mutating 
these lysines to arginines, often used to 
investigate the role of lysine methylation in 
histones (for instance see (35,226)) because 
lysine and arginine methylation occur via 
distinct families of methyltranferascs, we 
found that the oligomeric complex size of 
αΒ-crystallin was drastically reduced. This 
shows that methylation of lys-90 and lys-103 
can influence the equilibrium between small 
and large oligomers, and indicates that these 
residues are involved in subunit dynamics. 
Interestingly, we found that insolubilization 
of the K90R mutant 6 hours after heat-shock 
is drastically reduced, suggesting an altered 
affinity for in vivo substrate proteins. This 
suggestion is corroborated by a diminished 
chaperoning activity in transiently 
transfected cells, showing a reduced 
capacity to refold denatured luciferase after 
heat-shock, compared to wild type αΒ-
crystallin. In contrast the K.103R mutant 
has a greater capacity to refold denatured 
luciferase than wild type αΒ-crystallin. 
These effects might also be due to structural 
perturbations caused by the mutations 
K.90R or K103R as such, although this is 
very unlikely, since other characteristics 
of the mutants do not differ much from 
wild type αΒ-crystallin. The mutants are 
equally effective in binding Hsp27, and 
have similar subcellular distributions both 
before and after heat-shock. Additionally, 
the phosphorylation status of the K90R 
mutant is not different from wild type αΒ-
crystallin. Phosphorylation of αΒ-crystallin 
K.103R is, however, reduced. This could in 
tum account for the increase in chaperone 
activity, since phosphorylation is assumed to 
reduce chaperone activity (112). 
In summary, the methylation of lys-
90 and lys-103 is proposed to affect both 
the chaperone-like properties and subunit 
dynamics of αΒ-crystallin in situ, and 
might be a target for regulation. Since the 
C-terminal tail of αΒ-crystallin has also 
been shown to be involved in chaperone-like 
function (228), it would be interesting to find 
out whether the methylated residues found 
in this region also affect the chaperone-like 
activity. 
Experimental procedures 
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Cell culture, plasmids and transfections 
HeLa cells were grown at 37°C 
in Dulbecco's modified Eagle's medium 
(Invitrogen) supplemented with 10% fetal 
calf serum (PCS) (PAA laboratories), 
100 units/ml penicillin and 200 μg/ml 
streptomycin, in the presence of 5% C 0 2 . 
DNA fragments encoding the 
sequence of human αΒ-crystallin were 
cloned in the eukaryotic expression vector 
pIRESneo (Clontech). αΒ-crystallin 
K.90R and K.103R were generated from 
wild type αΒ-crystallin by introducing the 
mutations by site-directed mutagenesis 
(Stratagene), the cDNA sequences were 
verified and determined using Big Dye 
fluorescent technology on a ABI 3710 96-
capillary sequencer (Applied Biosystems). 
Transfections of plasmids into HeLa cells 
were performed by lipofection using the 
FuGENE™ 6 system (Roche Molecular 
Biochemicals), as described by the 
manufacturer. 
Cell fraction ing and immunoblotting 
HeLa cells were transfected with 1 
μg of DNA and harvested after two days by 
trypsinization. Cells were washed once with 
DMEM containing 10% PCS, and twice 
with phosphate-buffered saline (PBS). Equal 
numbers of about 106 cells were resuspended 
in 50 μΐ ice-cold lysis buffer (10 mM Tris 
pH 7.5, 100 mM KCl, 1 mM dithiothreitol 
(DTT), 1 mM EDTA, 5 mM MgCl2, 1 
mM phenylmethanesulfonyl fluoride, and 
0.5% Nonidet P-40) and kept on ice for 15 
minutes. The cell extract was centrifiiged 
for 15 minutes at 3,000 r.p.m. and 40C. The 
supernatant was supplemented with 50 μΐ of 
2x SDS sample buffer (2% SDS, 0.125 M 
Tris-HCl pH 6.8, 20% glycerol, 0.02% β-
mercaptoethanol, 0.05% bromophenol blue) 
heated for 5 min at 95°C and used as the 
detergent-soluble fraction. The remaining 
pellet was washed once with 500 μΐ lysis 
buffer, resuspended in 50 μΐ lysis buffer 
supplemented with 50 μΐ of 2x SDS sample 
buffer, heated for 5 min at 950C and used 
as the detergent-insoluble fraction. The 
detergent-soluble and -insoluble fractions 
were separated by SDS-polyacrylamide gel 
electrophoresis (PAGE) and subsequently 
immunoblotted as described below. 
For analysis of phosphorylated 
αΒ-crystallin, HeLa cells (1 χ IO6) were 
transfected with 1 μg of wild type, K90R 
or K.103R αΒ-crystallin cDNA. Cells 
were harvested and washed as above, 
lysed in 2x SDS sample buffer, without 
2-mercaptoethanol and bromophenol blue, 
and heated for 5 minutes at 950C. Protein 
concentrations were determined using 
the BCA kit (Pierce). Of each sample 30 
μg of protein was brought into 20 μΐ 2x 
SDS sample buffer, separated by SDS-
PAGE and subsequently blotted onto 
nitrocellulose membranes (Schleicher & 
Schuil). The membranes were incubated 
with the monoclonal antibodies to αΒ-
crystallin (2D2B6) (RIKEN Cell Bank) and 
ß-actin (Sigma) or the polyclonal antibodies 
against phosphorylated αΒ-crystallin 
(pl9S, p45S, p59S; (131)). The primary 
antibodies were detected with horseradish 
peroxidase conjugated rabbit anti-mouse and 
horseradish peroxidase conjugated swine 
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anti-rabbit secondary antibodies (DAKO 
Corp ), respectively, to allow visualization 
by enhanced chemoluminescence (Pierce 
Chemical Co ) 
Immunoprec φ ι tat ions 
HeLa cells (7 5 χ IO6) were 
transfected with 7 5 μ§ of the appropriate 
DNA Cells were harvested and washed as 
above, and suspended in 1 ml lysis buffer 
(50 mM Tns-HCl pH 7 5, 100 mM NaCl, 
and 0 5% Nomdet P-40) at 40C Cell lysates 
were cleared by centnfugation at 13 000 
rpm for 30 minutes at 40C, and subsequently 
incubated with protein G-agarose beads 
(Roche Molecular Biochemicals) coupled 
to anti-aB-crystallin antibodies After 
incubation at 40C, beads were washed 
three times with buffer (50 mM Tns-
HCl pH 7 5, 100 mM NaCl, and 0 05% 
Nomdet P-40) The immunoprecipitatcs 
were separated by SDS-PAGE The gel was 
stained overnight with colloidal Coomassie 
(0 08% Coomassie Brilliant Blue G250, 
1 6% ortho-phosphoric acid, 8% ammonium 
sulphate, 20% methanol), destained with 
distilled water until the background was 
clear, and scanned with a GS-700 Imaging 
Densitometer (Biorad) For analysis of aB-
crystallin-Hsp27 interaction, HcLa cells 
(1 χ 10') were transfected with 1 μg of 
wild type, K.90R or K.103R aB-crystalhn 
cDNA Immunoprecipitations, performed as 
described above, were analyzed on Western 
blot using a monoclonal antibody against 
Hsp27 (Neomarkers) and a monoclonal 
antibody against ctB-crystallin (R1KEN Cell 
Bank) 
Immunocytoc hemistrv 
HeLa cells (1 χ IO6) were seeded on 
coverslips (18 χ 18 mm1) one day prior to 
transfection with 1 μg of the appropriate 
DNA Two days after transfection, cells 
were fixed in 3% paraformaldehyde for 15 
minutes and permeabilized for 10 minutes in 
0 2% Triton in PBS Monoclonal antibodies 
to aB-crystallin (RIKEN Cell Bank) were 
used undiluted, and TRITC-conjugated 
rabbit anti-mouse secondary antibodies 
were used at a 1 20 dilution according to 
the manufacturer (DAKO Corp ) All images 
were obtained by confocal laser scanning 
microscopy (BIO-RAD MRC1024) 
Protein identification by nano liquid 
chromatographv tandem mass spectrometry 
Protein gel slices were treated with 
dithiothreitol (DTT) and lodoacetamide 
and digested in-gcl by trypsin as previously 
described (210) Prior to nanoLC-MS/MS 
analysis, all peptide samples were purified 
and desalted using Stage tips (193) 
Peptide identification experiments were 
performed using a nano-HPLC Agillent 
1100 nanoflow system connected online to 
ά 7-Tesla linear quadrupole ion trap-Fourier 
transform (LTQ-FT) mass spectrometer 
(Thermo Electron, Bremen, Germany) 
Peptides were separated on a 10 cm 100 
μηι ID PicoTip (New Objective, Wobum, 
USA) columns packed with 3μπι Reprosil 
CI 8 beads (Dr Maisch GmbH, Ammerbuch, 
Germany) using a 60 min gradient from 10% 
buffer A (0 5% acetic acid) to 35% buffer Β 
(80% acetomtrile in 0 5% acetic acid) with a 
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flow-rate of 300 nl/min. Peptides eluting from 
the column tip were electro sprayed directly 
into the mass spectrometer with a spray 
voltage of 2.1 kV. The mass spectrometer 
was operated in the data-dependent mode to 
sequence the four most intense ions per duty 
cycle. Briefly, full-scan MS spectra of intact 
peptides (m/z 400-1500) with an automated 
gain control accumulation target value 
of 1E6 ions were acquired in the Fourier 
transform ion cyclotron resonance (FT 
ICR) cell with a resolution of 50.000. The 
four most abundant ions were sequentially 
isolated and fragmented in the linear ion 
trap by applying collisionally induced 
dissociation using an accumulation target 
value of 20.000 (capillary temperature, 
200oC; normalized collision energy, 30%). 
A dynamic exclusion of ions previously 
sequenced within 180 s was applied. All 
unassigned charge states were excluded 
from sequencing. A minimum of 500 
counts were required for MS2 selection. 
RAW spectrum files were converted by 
Perl scripts to DTA files and combined 
into a single Mascot generic peaklist. 
Peptides and proteins were identified using 
the Mascot (Matrix Science) algorithm to 
search a local version of the human NCBInr 
database (http://www.ncbi.nlm.nih.gov). 
The following search criteria were applied: 
10 ppm tolerance for the parental peptide 
and 0.8 Da for fragmentation spectra, and 
a fixed carbamidomethyl modification 
for cysteines, and Oxidation (M), Methyl 
(R), Methyl (K), Di-methylation (R), Di-
methylation (K), Tri-methylation (R), Tri-
methylation (K), Acetyl (K), Acetyl (N-
term) as variable modifications. First ranked 
peptides were parsed from Mascot database 
search html files with MSQuant (www.msqu 
ant.sourceforge.net) to generate unique first 
ranked peptide lists and internal calibration 
of measured ion masses. Assignment of 
methylated peptides and modification sites 
were verified manually. 
Glycerol gradient centrifugation 
For sedimentation analysis, HeLa 
cells (7.5 χ lO^were transfected with 7.5 μg 
of DNA. Cells were harvested and washed as 
above, and suspended in 750 μΐ lysis buffer 
(50 mM Tris-HCl pH 7.5, 50 mM NaCl, and 
0.5% Nonidet P-40). The cell extracts were 
kept on ice for 15 minutes and centrifuged 
for 15 minutes at 3,000 r.p.m. at 4°C prior 
to application on top of 5-40% glycerol 
gradients in lysis buffer, generated in 12-
ml tubes with the Gradient Master (Bio-
Comp). The gradients were centrifuged in 
a Sorval Discovery 100 ultracentrifuge with 
a Th 641 rotor at 40,000 r.p.m. for 16 hrs at 
4°C. After centrifugation, 0.5 ml fractions 
were collected and 40 μΐ of each fraction 
was analyzed by SDS-PAGE and Western 
blotting. The molecular mass standards 
were albumin (66 kDa), aldolase (158 kDa), 
catalase (232 kDa) and thyroglobulin (669 
kDa). 
Luciferase refolding assays 
HeLa cells (1 χ IO6) were co-transfected 
with a total of 1 μg of DNA coding for aB-
crystallin or its mutants together with 0.2 
μg luciferase and 0.2 μg ß-galactosidase 
constructs. Three days after transfection 
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cyclohexamide was added to a final 
concentration of 100 μg/ml and the cells 
were subsequently heat shocked for 45 
min. in a water bath of 45°C and recovered 
for 6 hrs at 370C. Cells were harvested by 
scraping in 200 μΐ reporter lysis mix (25 mM 
Bicine pH 7.5, 0.05% Tween-20 and 0.05% 
Tween-80) per well. For the luciferase assay, 
100 μΐ of luciferase reagens (Promega) was 
added to 20 μΐ of cell lysate immediately 
before measurement. Measurements were 
performed in a Lumat LB 9507 luminometer 
for 10 seconds. For the ß-galactosidase 
assay, galacton (Tropix) was diluted 1:100 
in a 100 mM phosphate buffer pH 8.1 with 5 
mM MgCl;,, and 200 ml of this dilution was 
added to 20 μΐ of the cell lysate. After 30 
minutes of incubation at room temperature, 
300 μΐ of light emission accelerator (Tropix) 
was added. The luciferase values were 
corrected for transfection efficiencies using 
the ß-galactosidase values. 
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Novel functions of the small heat-shock protein aB-crystallin 
General discussion and future perspectives. 
As a member of the family of small heat-shock proteins, αΒ-crystallln is believed 
to act primarily as a molecular chaperone in living cells. Confering thermotolerance 
and having anti-apoptotic properties support this view. However, the mechanisms 
underlying these processes remain elusive, and it is generally believed that aB-
crystallin exerts still other functions.The purpose of this thesis was to identify novel 
roles for aB-crystallin in mammalian cells, using large scale screening methods like 
yeast two-hybrid and proteomics combined with imaging techniques. 
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General discussion and future 
perspectives 
Novel functions of oB-crystallin 
Understanding a protein's 
cellular functions is greatly enhanced 
by the identification of its subcellular 
localization and binding partners. The 
subcellular distribution of aB-crystallin 
has been studied in much detail and under 
various circumstances. Probably the best 
established and studied localization is its 
association with cytoskeletal components 
(i.e. (7,60,61,77,168,175,191,244)). aB-
Crystallin has a preference for associating 
with type III intermediate filaments 
(60,61,168,175,184,250). These filaments 
are not only important for maintaining cell 
shape, but also for confering mechanical 
resistance to cells (66,79,215). Therefore, 
aB-crystallin is thought to have an important 
function in maintenance and remodeling 
of the cytoskeleton. This could particularly 
be important for cells or tissues to resist 
mechanical stress, since aB-crystallin 
expression is mainly found in tissues which 
are under persistent conditions of extreme 
mechanical stress, like heart and skeletal 
muscle (58,224). 
Modulation of intermediate filaments 
by aB-crystallin is thought to occur through 
direct interaction, although in vivo data 
supporting this is scarce. We have found 
a new mechanism by which aB-crystallin 
can modulate the cytoskeleton. In chapter 
5 we describe that aB-crystallin enhances 
the degradation of vimentin by activating 
calpain. Since vimentin degradation 
normally occurs during myogenesis, aB-
crystallin might have a developmental 
function related to the extreme change 
in cellular structure during muscle cell 
differentiation. A fundamentally new finding 
is the way in which aB-crystallin activates 
calpain. We have determined that expression 
of aB-crystallin depletes ER calcium stores, 
which is of course suggestive for the manner 
in which calpain is activated. Furthermore, 
calpain activation could be prevented by 
chelating cytoplasmic calcium, supporting 
the involvement of calcium. Although further 
research is needed, this could mean that aB-
crystallin acts on (ER) calcium channels, like 
the inositol 1,4,5-trisphosphate or ryanodine 
receptors. 
We and others have also studied 
the nuclear localization of aB-crystallin 
(1,56,57,238,243). Although there are 
some discrepancies between the different 
studies, it is clear that aB-crystallin has a 
prominent location in nuclear bodies known 
as SC35 speckles, and to a lesser extent in 
structures known as GEMs (57). Both these 
nuclear domains are involved in snRNP 
biogenesis and contain large quantities of 
splicing factors (142,143,216,219,220,248). 
In chapters 3 and 4 we have determined that 
nuclear localization and import is dependent 
on phosphorylation of aB-crystallin. When 
we studied this process in more detail, it 
became clear that this is a multi-step process, 
in which initial phosphorylation of aB-
crystallin at Ser-59 is necessary for nuclear 
import, whereas subsequent phosphorylation 
at Ser-45 directs it to SC35 speckles. 
Emanating from these results is that 
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import of αΒ-crystallin is not a process of 
passive diffusion, but requires interaction 
with specific nuclear import factors One 
candidate is the SMN-complex, which is a 
multiprotcin complex involved in biogenesis 
and nuclear import of snRNPs (163,171) 
These snRNPs are major players in the 
pre-mRNA splicing process (248,252) and 
are composed of small nuclear RNAs 
(snRNAs) - Ul, U2, U4, U5 and U6 - as 
well as a group of seven proteins known 
as Sm nbonucleoproteins that collectively 
make up the extremely stable Sm core of the 
snRNP The snRNPs bind to the pre-mRNA 
in a specific order to align the splice sites 
for cleavage, which involves RNA-RNA 
pairing between the snRNA and the pre-
mRNA with the help of the Sm proteins We 
have shown that αΒ-crystallin interacts in a 
phosphorylation-dependent manner with the 
SMN protein (57), suggesting that this is the 
determinant foraB-crystallin nuclear import 
Interaction of αΒ-crystallin with the SMN-
complex was confirmed by a yeast two-hybrid 
screen, in which Gemin3, a component of 
the SMN-complex (37,92), was identified as 
an interaction partner for αΒ-crystallin (den 
Engelsman et al, unpublished results) We 
could confirm that nuclear speckle import 
of pseudophosphorylated aB-crystalhn 
is at least dependent on the presence of 
the SMN-complex, by using an m vitro 
nuclear import assay (den Engelsman et al, 
unpublished results) An interesting aspect 
of the association of aB-crystalhn with 
Gemin3, is that Gemin3 also occurs in other 
complexes than the SMN-complex Notably, 
Gemin3 is found in a 550-kDa complex, 
called the miRNP, where it is associated with 
numerous microRNAs (miRNAs) (166,173) 
Although the importance of these miRNAs is 
just beginning to be understood, it is already 
clear that they are involved in translational 
repression (82,185,186,207,251) It would 
therefore be interesting to see whether aB-
crystallin is associated with miRNAs and 
participates in translational repression, too 
The actual function of nuclear 
αΒ-crystallin remains as yet uncertain 
Interestingly, overexpression of non-
phosphorylatable αΒ-crystallin and of 
aB-crystallin R120G, which are both 
impaired in their nuclear import, results 
in an altered localization of Sm proteins 
(57) This suggests that overexpression 
of aB-crystalhn might interfere with the 
biogenesis of snRNPs Possibly by depleting 
the available Gemin3 pool, which is required 
in sufficient quantities for proper Sm-core 
assembly (213) Therefore it is not unlikely 
that aB-crystallin plays a role in pre-mRNA 
splicing 
Possibly related to the nuclear 
function of aB-crystallin, is the involvement 
of αΒ-crystallin in the ubiquitin-
proteasome-pathway as described in chapter 
2 We identified a protein known as FBX4 
as a binding partner for aB-crystallin in a 
yeast two-hybrid screen FBX4 belongs to 
the family of F-box containing proteins, 
which are also known as E3 ligases These 
E3 ligases recruit substrate proteins to a 
complex known as the SCF-complex, which 
transfers ubiquitin moieties to substrate 
proteins and subsequently targets them to the 
26S proteasome for degradation Similar to 
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the other αΒ-crystallin-protein interactions 
identified in this thesis, this interaction 
was also stimulated by phosphorylation of 
aB-crystallin. Importantly, by interacting 
with pseudophosphorylated aB-crystallin, 
FBX4 was recruited to SC35 speckles (56), 
which are also sites for nuclear proteasomal 
activity (200), suggesting that FBX4 plays a 
role in the nuclear function of aB-crystallin, 
too. Pseudophosphorylation of aB-crystallin 
also increased the ubiquitination of a protein 
that could unfortunately not yet be identified. 
Elucidation of the identity of this protein 
would greatly enhance our knowledge of 
the function of the FBX4-aB-crystallin 
interaction. A recent paper describes TRF1, 
a protein that binds to telomeric DNA 
repeats, as a substrate for FBX4-dependent 
ubiquitination (145). It would be interesting 
to determine whether aB-crystallin 
influences the turnover of TRF1. 
In addition to phosphorylation we have 
found that aB-crystallin is monomethylated 
at several residues as described in chapter 6. 
When two of the monomethylated lysines 
(lys-90 and lys-103) were mutated to 
arginines we observed drastic effects on in 
situ complex formation and chaperone-like 
activity. Therefore it would be interesting to 
see how methylation can affect aB-crystallin 
function and if methylation of aB-crystalin 
is regulated in vivo. 
aB-crystallin and disease 
With the identification of a desmin-
related myopathy (DRM) caused by the 
missense mutation R120G in aB-crystallin, 
research in the field of sHsps got a new impuls 
(245). Many studies have now been devoted 
to the elucidation of the pathogenesis of 
this DRM, also called aB-crystallinopathy 
(83). Desmin-related myopathies are 
characterized by cytoplasmic aggregates in 
muscle cells, containing primarily desmin 
and aB-crystallin. It has been suggested 
that the pathogenic effect of aB-crystallin 
R120G is due to an altered affinity for 
desmin, thereby frustrating desmin dynamics 
(184). However, most data comes from in 
vitro intermediate filament assembly studies. 
Therefore, the real mechanism underlying 
the pathogenicity of aB-crystallin R120G 
remains largely unknown. Recent data 
suggests that the formed aggresomes are not 
that toxic as assumed, instead the formation 
of amyloid oligomers found in animal 
models of this aB-crystallinopathy, causes 
cellular toxicity (203,204). 
In this thesis we show that the R120G 
mutation in aB-crystallin interferes with 
various processes, like nuclear import (57), 
possibly FBX4-dependent ubiquitination 
(58), and calpain activation/calcium 
homeostasis (Chapter 5). In most cases, 
aB-crystallin R120G has an increased 
affinity for its cellular targets (FBX4, SMN/ 
Gemin3, desmin), and as established in 
chapter 4 (57) this is very likely due to its 
hyperphosphorylation. Hyperphoshorylation 
therefore seems to be the key determinant 
in aggregate formation, most likely caused 
by a frustrated interaction with its targets, at 
least in the case of FBX4 and SMN/Gemin3. 
Worthwhile to notice in this context is 
that in the neurofibrillary tangles found 
in Alzheimer's disease the predominant 
91 General discussion and future perspectives 
form of αΒ-crystallin is phosphorylated at 
Ser-59 (129), and that both SMN and aB-
crystallin are localized in aggregates found 
in polymyositis (16,30) Since the kinases 
that are responsible for phosphorylation at 
two of the three serines are known (131), 
and their activities can be modulated with 
specific kinase inhibitors (115,157,214), 
it might be possible to prevent/inhibit 
aggregate formation Alternatively, ectopic 
overexpression of other sHsps inhibits 
aggregate formation by aB-crystallin 
R120G (38,113), offering a way of 
inhibiting aggregate formation by inducing 
sHsp expression with stress agents Such 
treatments might be beneficial, and further 
research is thus warranted 
The finding that aB-crystallin can 
activate calpains upon overexpression, 
has some interesting aspects with regard 
to cancer Increased expression of aB-
crystalhn is found in metastasizing breast 
cancer cells One could envisage that 
during these pathological processes aB-
crystalhn causes calpain activation, which 
is generally accepted to be involved in cell 
motility (reviewed in (74)) For instance, 
overexpression of the natural inhibitor 
of calpain, calpastatin, in NIH-3T3 cells 
reduces the ability of these cells to spread 
with more than 90% (189) It is therefore 
possible that overexpressed aB-crystallin 
activates calpains, thereby increasing cell 
motility, and causing cancer cells to be more 
metastatic 
In summary, this thesis provides data 
which support several novel functions for 
the small heat-shock protein aB-crystallm 
First of all, αΒ-crystallin activates calpain, 
by stimulating the release of the necessary 
calcium Secondly, aB-crystallin appears 
to be involved in snRNP biogenesis by 
interacting with the SMN-complex, and 
thirdly it is involved in FBX4-dependent 
ubiquitination Since some functions are 
dependent on the phosphorylation status of 
aB-crystallin, while others are not, it is likely 
that the different activities of aB-crystallin 
are regulated in a concerted manner 
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Summary 
As described in Chapter 1, the in vivo 
ftinctions of aB-crystallin, one of the most 
prominent mammalian small heat-shock 
proteins, are still largely elusive. To our 
knowledge only a limited number of studies 
have been undertaken to elucidate the role(s) 
of aB-crystallin in mammalian cells under 
physiological conditions. Therefore, the main 
goal of the research described in this thesis 
was to identify novel in vivo roles for aB-
crystallin. We found at least four fundamental 
processes in which aB-crystallin is likely to 
be involved. (1) aB-crystallin plays a role in 
FBX4-dependent ubiquitination. Chapter 
2 describes the interaction of aB-crystallin 
with the F-box protein FBX4, a component 
of the E3 ubiquitin ligase, which was 
identified in a large yeast-two hybrid screen. 
Using pseudophosphorylated mutants it was 
found that phosphorylation of aB-crystallin 
enhances this interaction, which results in 
an increase in ubiquitinated protein(s). (2) 
aB-ciystallin translocates into the nucleus. 
Chapters 3 and 4 describe the localization 
of aB-crystallin in nuclear SC35 speckles, 
which are involved in storage and recycling 
of splicing factors, and propose a model by 
which aB-crystallin is imported into the 
nucleus in a phosphorylation-dependent 
manner. This is a multi-step process for 
which the SMN-complex, a multifunctional 
hetero-oligomer crucial for maturation 
of snRNPs, is required. (3) aB-crystallin 
is involved in Ca2'-dependent activation 
of calpain. In Chapter 5 the results of a 
comparative proteomics study are described. 
We found that, besides influencing several 
other proteins, aB-crystallin expression 
resulted in the degradation of the type III 
intermediate filament vimentin, caused 
by temporal activation of calpain(s). 
Calpain activation is likely caused by 
alterations in Ca2+ homeostasis induced by 
aB-crystallin expression. (4) Methylation 
modulates the properties of aB-crystallin. 
Chapter 6 presents previously undescribed 
methylations of aB-crystallin in mammalian 
cells. The methylation is likely important for 
the aB-crystallin complex formation and in 
the binding to its substrates. 
The first three processes described 
above were found to be adversely affected 
by the R120G mutation in aB-crystallin, 
which is causative for a desmin-related 
cardiomyopathy. As discussed in Chapter 7, 
our findings thus offer not only new insights 
in the normal physiological functioning of 
aB-crystallin, but also in the mechanisms 
underlying the pathogenicity of aB-
crystallin R120G. 
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Samenvatting 
Zoals beschreven in hoofdstuk 1, 
zijn de in vivo functies van één van de meest 
prominente kleine "heat-shock" eiwitten, 
αΒ-crystalline, grotendeels onbekend. Voor 
zover ons bekend zijn er maar een beperkt 
aantal studies ondernomen om de rol van 
αΒ-crystalline in zoogdier cellen onder 
normale omstandigheden op te helderen. 
Om die reden was het voornaamste doel 
van het onderzoek beschreven in dit 
proefschrift; het identificeren van nieuwe 
functies van αΒ-crystalline. We hebben 
minstens vier fundamentele processen 
gevonden waarbij αΒ-crystalline betrokken 
is. (1) αΒ-crystalline speelt een rol in FBX4-
afhankelijke ubiquitinering. Hoofdstuk 2 
beschrijft de interactie van αΒ-crystalline met 
het F-box eiwit FBX4, een component van 
het E3 ubiquitine ligase. Dit is gevonden in 
een grote "yeast-two hybrid" screening. Met 
behulp van pseudogefosforyleerde mutanten 
hebben we gevonden dat fosforylatie 
deze interactie stimuleerd, wat voor een 
verhoogde ubiquitinering van eiwitten zorgt. 
(2) αΒ-crystalline verplaatst zich naar de 
celkern. Hoofdstuk 3 en 4 beschrijven 
de lokalisatie van αΒ-crystalline in kern 
domeinen bekend als "SC35 speckles". Dit 
zijn plaatsen waar splicing factoren worden 
opgeslagen en gerecycled. We stellen een 
model voor hoe αΒ-crystalline afhankelijk 
van fosforylatie geïmporteerd word in de 
kem. Dit is een meerstaps proces waarbij 
het SMN-complex, een multifunctionele 
hetero-oligomeer onmisbaar voor maturatie 
van snRNPs, nodig is. (3) aB-Crystaline 
is betrokken bij Ca2+-afhankelijk activatie 
van calpaine(s). In hoofdstuk 5 zijn de 
resultaten van een vergelijkende proteome 
studie beschreven. We hebben gevonden 
dat, naast het beïnvloeden van een aantal 
andere eiwitten, de expressie van aB-
crystalline resulteerd in afbraak van het type 
III intermediaire filament vimentine. Wat 
veroorzaakt wordt door tijdelijke activatie 
van calpaine(s). Hoogst waarschijnlijk 
komt dit door veranderingen in de Ca2" 
homeostase geïnduceerd door expressie van 
aB-crystalline. (4) Methylering moduleert 
de eigenschappen van aB-crystalline. 
Hoofdstuk 6 beschrijft tot nog toe onbekende 
methyleringen van αΒ-crystalline in zoogdier 
cellen. Deze modificaties zijn waarschijnlijk 
belangrijk voor complex formatie en binding 
aan zijn substraten. 
De eerste drie beschreven processen 
worden beïnvloed door de R120G mutatie 
in αΒ-crystalline. Deze mutatie is de 
oorzaak van een desmine-gerelateerde 
cardiomyopathie. Zoals bediscussieerd 
in hoofdstuk 7, geven onze bevindingen 
niet alleen inzicht in de fysiologische rol 
van αΒ-crystalline, maar mogelijk ook 
in de onderliggende mechanismen die 
verantwoordelijk zijn voor de pathogeniciteit 
van αΒ-crystalline R.120G. 
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